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RESUMO 
 
A teoria das doenças geradas por citocinas inflamatórias trouxe ao longo dos anos indícios 
que o organismo pode produzir citocinas que desempenham respostas biológicas benéficas 
ou prejudiciais. Com o passar dos anos ficou claro que a inflamação é um mecanismo chave 
na fisiopatologia do câncer. Interessantemente, diversos estudos sugerem que a AMPK e 
mTOR hipotalâmica, importantes moléculas no controle do balanço energética também seja 
responsável por modular a inflamação e anorexia. Nesse sentido, foi observado: 1) A 
inibição da AMPK hipotalâmica proporciona redução do peso corporal e da inflamação 
central e periférica potencializando o crescimento tumoral. Por outro lado, a ativação da 
AMPK com AICAR, salicilato e vetor viral reverte à anorexia induzida pelo câncer. 
Entretanto, os efeitos benéficos do AICAR foram bloqueados quando associados com os 
antagonistas colinérgicos, sugerindo que a AMPK no núcleo ventromedial é responsável 
pelo controle da anorexia e inflamação. 2) A AMPK no núcleo ventromedial do 
hipotálamo, principalmente a isoforma alfa 1 ativa a termogênese aumentando a produção 
de calor na qual converte tecido adiposo branco em bege. Além disso, o uso do antagonista 
β3 adrenérgico ou a ativação da AMPK foram capazes de atenuar a produção de calor 
melhorando a caquexia induzida pelo câncer. 3) Roedores com câncer possuem a via do 
IKK/mTOR ativada no núcleo arqueado do hipotálamo proporcionando anorexia e 
caquexia. Por outro lado, o bloqueio da S6K foi capaz de melhorar a anorexia. Portanto, 
esses achados permitem concluir que o hipotálamo atua como um centro regulador da 
anorexia e caquexia induzida pelo câncer, abrindo novos horizontes para o tratamento do 
câncer. 
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ABSTRACT 
 
The theory of diseases generated by inflammatory cytokine brought over the years evidence 
that the organism may produce cytokine with beneficial and deleterious responses. 
Nowadays, it is clear that the inflammation is a key mechanism in cancer pathophysiology. 
Interestingly, several studies suggest that hypothalamic AMPK and mTOR, important 
molecules in the energy balance control also is responsible for modulation of both 
inflammation and anorexia. The studies presented herein observed that: 1) Inhibition of 
hypothalamic AMPK leads to weight loss and central and systemic inflammation which 
potentiates the tumor growth. However, AMPK activation with AICAR, salicylate and 
vector viral might reverse the cancer-mediated anorexia. Nevertheless, benefic effects of 
AICAR are blunted with a combination of cholinergic antagonists, suggesting that 
ventromedial of hypothalamus (VMH)-specific AMPK action is responsible for the 
anorexia and inflammation control. 2) VMH-specific AMPK, particularly the isoform alpha 
1 activates thermogenesis increasing heat production which switches the white adipose 
tissue in beige. Furthermore, β3 adrenergic antagonist and AMPK activation were able to 
attenuate the heal generation, block the “browning of WAT” and improve the cancer 
cachexia. 3) Cancer rats have activated IKK/mTOR pathway in arcuate nucleus (ARC) of 
the hypothalamus. In contrast, neutralization of S6K was able to improve anorexia. 
Therefore, our data show evidences that the hypothalamus a key center that integrates a 
number of mechanisms triggered by cancer-induced anorexia and -cachexia, opening new 
horizons for the treatment of cancer.  
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1. INTRODUÇÃO 
 
1.1 Incidência e Mortalidade por Câncer 
Estimativa de câncer no mundo revelou que houve mais de 14,1 milhões de 
casos novos e 8,2 milhões de mortes em 2012. Além disso, a incidência continuará 
aumentando na maioria dos países. Nesse sentido, os tipos de câncer mais frequente em 
países em desenvolvimento na população masculino foram próstata, pulmão e cólon e 
em mulheres é mama, cólon e pulmão. Em 2030, a incidência será de 21,4 milhões de 
casos novos e 13,2 milhões de mortes por câncer. Esse aumento será decorrente do 
crescimento da população, envelhecimento e redução da mortalidade infantil e mortes 
por doenças infecciosas em países em desenvolvimento [GLOBOCAN 2012]. 
A mortalidade por câncer no Brasil vem aumentando desde o ano 2000 
[Barreto et al. 2011]. Estimativas de 2014-2015 sugerem que o Brasil terá 
aproximadamente 576 mil casos novos de câncer, incluindo os casos de pele não 
melanoma. Entretanto, o câncer de pele do tipo não melanoma poderá ser o mais 
incidente, com 182 mil casos novos, seguido do câncer de próstata (69 mil), mama em 
mulheres (57 mil) e cólon e reto (33 mil) [INCA 2014]. 
 
1.2. Doenças geradas por citocinas 
A teoria das doenças geradas por citocinas emergiu quando se descobriu que as 
citocinas derivadas do sistema imune eram responsáveis por causar respostas 
fisiológicas e patológicas (Figura 1). Nesse sentido, estudos relacionados à febre, 
infecções e perda de peso trouxeram evidências de que moléculas secretadas por 
macrófagos e células imune levam a diferentes quadros patológicos. Portanto, as 
citocinas, tais como a interleucina 1 beta (IL1β), interleucina 6 (IL6), e fator de necrose 
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tumoral alfa (TNF), são conhecidas por produzirem respostas biológicas distintas que 
podem ser benéficas ou prejudiciais [Tracey 2007]. Diferentemente das condições de 
saúde, durante o choque séptico agudo, aumentada secreção de TNF é encontrada 
[Tracey et al. 1987]. Além disso, o tratamento com TNF induz a alterações 
hemodinâmicas, metabólicas, imunológicas e patológicas [Tracey et al. 1986]. 
Entretanto, o bloqueio genético ou farmacológico do TNF impede o surgimento do 
choque séptico letal [Pfeffer et al. 1993]. O nível de secreção do TNF também varia de 
acordo com algumas doenças, por exemplo, suas concentrações estão maiores na febre e 
anorexia e em menores quantidades na obesidade [Gayle et al. 1998; Pfeffer et al. 1993; 
Tracey et al. 1986]. Depois disso, ensaios clínicos observaram que a inibição do TNF 
melhora a qualidade de vida dos pacientes com doenças inflamatórias [Dinarello 2004; 
Elliott et al. 1994; Targan et al. 1997] caracterizando a teoria das doenças geradas por 
citocinas.  
 
Figura 1. Concentração de citocinas e sua associação com a saúde e a doença. 
Adaptado: [Tracey 2007]. 
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1.3. Inflamação e doenças 
A inflamação é parte de uma resposta do sistema imune inato que permite a 
sobrevivência de células durante os processos de infecção ou lesão tecidual mantendo a 
homeostase do tecido em diversas condições nocivas. A inflamação inicia-se pela baixa 
função dos tecidos, que por sua vez pode contribuir para a patogênese de diversas 
doenças [Medzhitov 2010]. 
A inflamação algumas vezes progride de aguda para crônica podendo 
permanecer por um período prolongado. Entretanto os sinais de inflamação aguda, 
como por exemplo, o acúmulo de neutrófilos, pode reaparecer mais tardiamente [Nathan 
and Ding 2010].  O primeiro sinal de inflamação celular envolve infiltração tecidual de 
monócitos, células dendríticas e macrófagos, situações estas que ocorrem na 
aterosclerose, obesidade e alguns cânceres [Mantovani et al. 2008; Nathan 2008; Tabas 
2010]. 
A inflamação aguda é finalizada uma vez que o insulto e a infecção são 
eliminados e o tecido é reparado.  O fim da resposta inflamatória e a transição para o 
estado de homeostasia é chamado resolução da inflamação. Vários mecanismos 
regulatórios chave da resolução têm sido identificados, entre eles inclui o desvio das 
prostaglandinas pró-inflamatórias para anti-inflamatórias. Este desvio leva a transição 
de neutrófilos para o recrutamento de monócitos resultando no clearance de células 
mortas e na iniciação do reparo tecidual [Serhan and Savill 2005]. Se o alvo 
inflamatório não é eliminado pela resposta inflamatória aguda ou esta é persistente por 
alguma outra razão, a fase de resolução não pode ser apropriadamente ativada (processo 
chamado de “Nonresolving inflammation – Não resolução da inflamação”) e o estado 
inflamatório crônico se instala. Este último estado pode ser causado por uma infecção 
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crônica, pelo prejudicado reparo tecidual, exposição aos alérgenos persistentes, entre 
outros [Nathan and Ding 2010]. 
Uma vez que a inflamação permanece por semanas e meses, ela pode destruir 
tecidos e provocar necrose. Todavia, vários mecanismos podem afetar a fase de 
resolução. Por exemplo, células semelhantes a macrófagos podem secretar moléculas 
semelhantes a espécies reativas de oxigênio e intermediar o estado pro e anti-
inflamatório. Nesses casos, a “Não resolução da inflamação” pode resultar de uma 
resposta inflamatória persistente ou anormal tornando ainda mais difícil o 
desenvolvimento de terapias anti-inflamatórias, por isso Nathan & Ding [Nathan and 
Ding 2010] classificam a “Não resolução da inflamação” como uma das maiores 
causadoras de doenças da atualidade. 
Atualmente um crescente número de condições inflamatórias crônicas tem sido 
descritas e embora a inflamação não seja considerada causa primária de muitas doenças 
crônicas, alguns pesquisadores sugerem que o processo inflamatório envolvido com a 
infecção ou destruição tecidual podem contribuir significativamente para a patogênese 
de inúmeras doenças [Medzhitov 2010; Nathan and Ding 2010].  
Diversos estudos mostram que na obesidade, depressão, anorexia, dor e edema, 
a inflamação é classicamente de baixo grau. Entretanto, na artrite reumatóide, doença 
inflamatória intestinal, câncer, sepse, lesão tecidual, choque e falência de órgãos, a 
inflamação é de alto grau (Figura 1). Por exemplo, quando se administra em indivíduos 
saudáveis um dos mais potentes mediadores inflamatórios, o TNF este provoca 
manifestações hemodinâmicas, metabólicas, imunológicas e patológicas, enquanto que a 
deleção corporal total ou o bloqueador farmacológico do TNF previne o 
desenvolvimento do choque séptico letal [Pfeffer et al. 1993; Tracey et al. 1986]. Outra 
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manifestação farmacológica do TNF é a capacidade de causar febre e inflamação 
[Dinarello et al. 1986; Tracey et al. 1986]. 
Embora a febre não seja caracterizada como doença, ela está associada com 
alterações no metabolismo. Por exemplo, Hanada et a [Hanada et al. 2009] 
demonstraram que a febre representa uma resposta muito evidente via sistema nervoso 
central (SNC) quando comparado com a periférica. Esse achado foi observado quando 
os pesquisadores injetaram o ligante do receptor ativador nuclear κappa B (RANKL) 
intracerebroventricular (i.c.v.) e encontraram aumento da temperatura corporal, 
caracterizando como febre de alto grau. Por outro lado, quando a administração de 
RANKL foi via intraperitoneal (IP) não houve alteração da temperatura corporal 
[Hanada et al. 2009]. 
Alguns patógenos bem como as isquemias e outras formas de injúria também 
podem ativar a produção de citocinas que normalmente restauram a saúde. Entretanto, 
se a resposta as citocinas é excessiva, os mediadores inflamatórios podem ser 
superativados e causar doença [Tracey 2007]. Por exemplo, na sepse, diversos estudos 
demonstram que o processo inflamatório é hiperativado com aumentada produção de 
endotoxina, uma bactéria gram-negativa (ou também conhecida como 
lipopolissacarídeos-LPS), TNF, IL1, IL6 e IL8. Além disso, em animais foi observado 
que a imunização contra TNF-α e o bloqueio do TNF-α protege o organismo do choque 
endotóxico [Beutler et al. 1985; Tracey 2007]. 
Em relação a doenças, inúmeras delas também têm sido relacionadas com a 
secreção de citocinas, tais como, a artrite reumatóide, pancreatite, doença inflamatória 
intestinal e doença celíaca [Gaglia et al. 2011; Rescigno and Di Sabatino 2009; Weyand 
and Goronzy 2006]. Nesse sentido, em meados do século 19, Rudolf Virchow pela 
primeira vez sugeriu uma possível associação entre inflamação e desenvolvimento de 
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doenças. Nessa época, ele observou a presença de leucócitos em tumores sugerindo uma 
possível relação entre inflamação e câncer. Porém, somente durante a última década 
claras evidências mostraram que a resposta inflamatória desempenha um importante 
papel na carcinogênese [Grivennikov et al. 2010; Karin 2006]. 
Em resumo, sabe-se que inúmeras doenças estão relacionadas com o grau de 
intensidade da inflamação e que a “Não resolução da inflamação” é positivamente 
associada com a gravidade das doenças, como demonstrado na Figura 1. 
  
1.3.1. Inflamação e câncer 
O processo de carcinogênese pode ser dividido em três fases. Na primeira 
delas, a iniciação é onde o DNA da célula sofre mutações pela ação de carcinógenos 
físicos ou químicos, promovendo ativação de oncogenes e/ou inativação de genes 
supressores tumorais. A segunda fase da carcinogênese é a promoção, caracterizada por 
expansão clonal das células geneticamente alteradas, através do aumento da proliferação 
celular e/ou redução de morte celular. Finalmente, a terceira fase da carcinogênese, 
chamada progressão é caracterizada por invasão e metástases, bem como crescimento 
no tamanho do tumor. Durante essa última fase, aquisições de novas mutações que 
favoreçam um fenótipo maligno podem acontecer [Grivennikov et al. 2010]. 
De forma geral, a inflamação e a imunidade podem afetar cada uma dessas 
fases de diferentes maneiras. Comumente a inflamação e a imunidade inata costumam 
exercer efeitos pró-tumorigênicos, enquanto que imunidade adaptativa apresenta ação 
potencialmente anti-tumorigênica [Burnet 1970; Luo et al. 2004; Philip et al. 2004]. 
Esses efeitos são mediados por diversos tipos de leucócitos, incluindo macrófagos, 
macrófagos associados ao tumor, células dendríticas, neutrófilos, mastócitos e células T, 
recrutados ao microambiente tumoral através de interações com células do estroma local 
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e células malignas. Esses leucócitos produzem citocinas, fatores angiogênicos e de 
crescimento, bem como metaloproteinases e seus inibidores, que possibilitam 
proliferação das células malignas, invasão e disseminação à distância. 
A expressão de diversas citocinas pró-inflamatórias, como TNF, IL1 e IL8 são 
reguladas por genes alvo da via de ativação do fator nuclear kappa B (NFB) 
dependente do IKKβ. Além disso, os oncogenes e os carcinógenos também podem 
provocar a ativação do NFB, enquanto que substâncias com conhecidas propriedades 
quimiopreventivas podem interferir na sua ativação. Recentes estudos em modelo 
animal trouxeram fortes e diretas evidências genéticas de que a via de ativação do 
NFB (dependente do IKKβ) é um mediador crucial na promoção tumoral [Greten et al. 
2004; Pikarsky et al. 2004] (Figura 2). 
Existem duas vias de ativação do NFB [Bonizzi and Karin 2004]. A via 
clássica é ativada por estímulos pró-inflamatórios, dentre os quais destacam as citocinas 
(TNF, IL1β) e as proteínas da membrana celular bacteriana (lipopolissacarídeos-LPS). 
Estas moleculas promovem fosforilação do IKK resultando em ubiquitinação 
proteossomal do IκBα no qual transloca o NFκB para o núcleo promovendo a 
transcrição de genes alvo, tais como de citocinas pró-inflamatórias no qual atua na 
promoção e progressão tumoral (Figura 2). 
A contribuição da ativação do NFB na inflamação, promoção e proliferação 
tumoral tem sido fortemente relacionada em diversas neoplasias [Karin et al. 2002]. 
Devido à variedade de genes alvo, incluindo aqueles que expressam mediadores 
inflamatórios, foi proposto que a via clássica de ativação do NFB seja determinante na 
associação entre inflamação, promoção e progressão tumoral. Portanto, a utilização de 
camundongos em estudos sobre diversos tipos de câncer associados à inflamação apoia 
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esta hipótese e explicam como a inflamação impulsiona a promoção e progressão 
tumoral [Greten et al. 2004; Pikarsky et al. 2004] (Figura 2). 
 
Figura 2. Clássica via de sinalização inflamatória no câncer. As citocinas inflamatórias 
se ligam ao receptor de citocinas na qual ativam a fosforilação do IKK que leva a maior 
expressão do NFκB, degradando o IκBα na qual trasnloca-se para o núcleo ativando a 
secreção gênica de várias moléculas inflamatórias.  
 
1.4. O sistema nervoso central no controle da inflamação 
A produção de citocinas pelas células do sistema imune contribui 
consideravelmente para as condições de saúde e doença [Tracey 2007]. 
Durante as situações de saúde, a inflamação pode ser inibida através do nervo 
vago. Segundo Tracey [Tracey 2007], esta inibição via nervo vago é chamada de via 
anti-inflamatória colinérgica e se deve por: primeiro, ao nervo cranial que liga o SNC 
aos órgãos viscerais, tais como o baço e o fígado, que são considerados um dos maiores 
fornecedores de citocinas; segundo, as fibras sensoriais que transmitem informações via 
nervo vago para o cérebro e, por exemplo, são conhecidas por iniciarem a febre; 
terceiro, após uma descoberta acidental foi encontrado que a administração de uma 
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molécula que inibe a produção de TNF também aumenta a atividade do nervo vago 
eferente inibindo a inflamação em tecidos extra SNC [Bernik et al. 2002; Hansen et al. 
2001; Tracey 2002; Tracey 2007; Watkins et al. 1995]. 
Outro regulador da secreção de citocinas é a acetilcolina. No SNC, em especial 
nos neurônios e microglia, os sinais de transdução do receptor de acetilcolina são 
modulados pelos canais de íons que regulam a produção de citocinas ou a reparação de 
danos [Borovikova et al. 2000a; Borovikova et al. 2000b; de Jonge et al. 2005; Tracey 
2002; Tracey 2007; Wang et al. 2004; Wang et al. 2003]. 
A microglia são subpopulações de células da glia que estão associadas com 
muitas doenças neurodegenerativas e inflamatórias cerebrais. Isto se deve a microglia 
ser considerada macrófagos residentes do SNC com capacidade de secretar várias 
citocinas inflamatórias e quimiocinas, tais como TNF, IL6, IL23, IL1β e interferon alfa 
e gamma (IFN-α/γ) [Becher et al. 2003; Block et al. 2000; Ginhoux et al. 2010; 
Lambertsen et al. 2005; Milner and Campbell 2002; Minami et al. 1992]. Portanto, os 
novos mecanismos a serem descobertos que são responsáveis por modular a função da 
microglia podem no futuro revolucionar o tratamento das doenças envolvidas com o 
SNC.  
Em humanos, também foi demonstrado que as citocinas podem ser produzidas 
pelo SNC. Nybo et al [Nybo et al. 2002] observaram após uma única sessão de 
exercício físico, aumento da liberação de IL6, do fator neurotrófico derivado do cérebro 
(BDNF) e da noradrenalina no sangue venoso puncionado da veia jugular quando 
comparado com o sangue arterial [Dalsgaard et al. 2004; Nybo et al. 2002; Rasmussen 
et al. 2009; Seifert et al. 2010]. 
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Em modelos de câncer, foi demonstrado que as citocinas podem ser produzidas 
pelo tumor, liberadas na circulação e transportadas para o cérebro através da barreira 
hematoencefálica e órgãos circunventriculares (áreas que permitem a passagem mais 
fácil de moléculas na barreira hematoencefálica). Uma vez no tecido hipotalâmico, estas 
citocinas induzem potentes sinais anorexigênicos, resultando em menor ingestão 
alimentar e maior gasto energético. Por outro lado, as citocinas também podem ser 
produzidas por neurônios e microglia em resposta ao aumento das citocinas periféricas 
[Haslett 1998; Hopkins and Rothwell 1995; Licinio and Wong 1997; Mantovani et al. 
1998; Rothwell and Hopkins 1995; Sternberg 1997]. Embora o local da síntese de 
citocinas no SNC seja dependente da natureza do estímulo, as doenças sistêmicas 
parecem influenciar predominantemente a atividade hipotalâmica, área com a maior 
densidade de receptores para a maioria das citocinas [Hopkins and Rothwell 1995]. 
Portanto, novos estudos são necessários para entendermos a importância da produção de 
citocinas pelo SNC. 
A figura 3 descreve melhor o papel da inflamação e controle da homeostase de 
energia durante a obesidade e a caquexia/anorexia induzida pelo câncer. Além disso, 
maiores detalhes e informações sobre o papel da sinalização inflamatória hipotalâmica 
nas doenças podem ser encontradas em um artigo de revisão publicado na temática 
desta tese (para revisão veja: [Pimentel et al. 2014]). 
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Figura 3. Clássica via de sinalização inflamatória hipotalâmica. Resumidamente a via 
de sinalização inflamatória que ocorre no núcleo arqueado do hipotálamo ocorre com a 
ativação do IKK, no qual há translocação do NFκB para o núcleo e consequentemente a 
produção gênica de citocinas inflamatórias. O nível de inflamação hipotalâmica também 
é fundamental, pois como pode-se observar, os indivíduos saudáveis  possuem níveis de 
citocinas inflamatórias normais, que pode aumentar em situações de ganho de peso ou 
tornar extremamente altas no câncer induzindo a diminuída ingestão alimentar, 
aumentado gasto energético e menor sobrevida. Adaptado: [Pimentel et al. 2014]. 
 
1.4.1. AMPK hipotalâmica, controle da ingestão alimentar e inflamação 
A proteína quinase ativada por AMP (AMPK) é uma molécula 
heterotetramérica composta de uma subunidade catalítica (α1 ou α2) e duas subunidades 
regulatórias β e γ (β1 ou β2 e γ1 ou γ2 ou γ3). Esta proteína é ativada pela fosforilação 
do resíduo de treonina 172 da alça de ativação da subunidade α [Hardie and Carling 
1997] (Figura 4). 
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Figura 4. Subunidades da AMPK. Adaptado: [Pimentel et al. 2013]. 
 
A AMPK tem sido identificada como o regulador chave da homeostase 
energética e do controle da ingestão alimentar atuando na modulação de neuropeptídeos 
hipotalâmicos específicos responsáveis pelo controle da fome e da termogênese 
[Andersson et al. 2004; Hardie and Carling 1997; Kim et al. 2004; Loftus et al. 2000; 
Minokoshi et al. 2004; Pimentel et al. 2013]. A figura 5 descreve melhor o papel da 
AMPK na modulação da ingestão alimentar. Além disso, maiores informações sobre a 
AMPK na modulação da homeostase de energia pode ser encontrada em um artigo de 
revisão publicado na temática desta tese (para revisão veja: [Pimentel et al. 2013]). 
 
Figura 5. Via de sinalização da AMPK hipotalâmica no controle da ingestão alimentar. 
Adaptado: [Pimentel et al. 2013]. 
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Além do controle da homeostase de energia, recentes evidências sugerem um 
possível papel da AMPK no controle da inflamação. Esse possível papel da AMPK na 
regulação da resposta inflamatória tem sido sugerido baseado principalmente em 
estudos utilizando agonistas farmacológicos da AMPK, como o 5-aminoidazole-4-
carboxamide-1-β-D-ribofuranoside (AICAR) e a metformina [Giri et al. 2004; Hattori 
et al. 2006; Jhun et al. 2004; Kim et al. 2007; Kuo et al. 2008; Nerstedt et al. 2010; 
Ropelle et al. 2007; Wang et al. 2010; Zhao et al. 2008]. A primeira evidência entre a 
relação AMPK e inflamação, foi da ação anti-inflamatória da AMPK demonstrada em 
2004 quando os pesquisadores verificaram que o AICAR (ativador farmacológico da 
AMPK) inibiu o aumento dos níveis de mRNA de TNF quando induzido pelo LPS em 
células RAW 264.7 e macrófagos peritoneais [Jhun et al. 2004]. 
Estudos demonstraram que a ativação da AMPK hipotalâmica reduz diversos 
mediadores inflamatórios [Ayasolla et al. 2005; Giri et al. 2004; Kuo et al. 2008; 
Ropelle et al. 2007]. Em cultura de células RAW 264.7 demonstrou que a inibição da 
AMPK através de lentivirus, foi capaz de aumentar a expressão do mRNA para TNF, 
mesmo na ausência de qualquer estímulo inflamatório [Yang et al. 2010]. Outro estudo 
realizado em cultura de células endotelial e aorta isolada de camundongos com AMPK 
deficiente demonstrou que a expressão do dominante negativo ou o uso do RNA de 
interferência específico para AMPK levou a perda da atividade da AMPK e aumento da 
degradação do IBα e da translocação do NFB p50 e p65 [Wang et al. 2010]. 
Coletivamente, esses dados sugerem que a modulação da AMPK pode representar uma 
função chave desta molécula no controle da sinalização inflamatória em diversos tipos 
celulares.  
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Nosso grupo observou estreita relação entre aumento do processo inflamatório 
e redução da fosforilação da AMPK hipotalâmica em modelo de anorexia induzida pelo 
câncer. De maneira interessante, a ativação da AMPK hipotalâmica através da 
administração ICV do AICAR nestes animais, promoveu redução da inflamação 
hipotalâmica, com redução na expressão da óxido nítrico sintase induzível (iNOS), IL1β 
e TNF, aumento da ingestão alimentar e aumento da sobrevida em ratos [Ropelle et al. 
2007]. Adicionalmente, observamos que a ativação farmacológica da AMPK 
exclusivamente no hipotálamo, foi capaz de reduzir significativamente a 
esplenomegalia, bem como os níveis séricos de TNF em ratos com a síndrome anorexia-
caquexia induzida por tumor [Ropelle et al. 2007]. Portanto, esses dados sugerem que a 
atividade da AMPK hipotalâmica representa um importante alvo para o controle da 
inflamação e pode ser determinante para o desenvolvimento do câncer. 
 
1.5. mTOR hipotalâmica no controle da ingestão alimentar e inflamação 
Semelhante a AMPK, a proteína alvo da rapamicina em mamíferos (mTOR) 
tem sido apontada como importante regulador do metabolismo energético em diversas 
doenças [Cota et al. 2006; Laplante and Sabatini 2012; Ropelle et al. 2008]. A mTOR é 
uma serina/treonina quinase que pode ser modulada pela sinalização da fosfatidilinositol 
3-quinase (PI3K)/Akt [Cota et al. 2006] que uma vez ativada fosforila a p70S6K e a 
proteína 1 ligante do fator de iniciação eucariótico 4E (4EBP1) [Brunn et al. 1997]. 
Além disso, mTOR pode ser fosforilada pelos domínios catalíticos que também são 
alvos de outras quinases, como a AMPK e a S6K (quinase) [Cota et al. 2006; Laplante 
and Sabatini 2012; Martinez de Morentin et al. 2014b]. Nesse sentido, estudos tem 
revelado que alterações nesses complexos induzem envelhecimento, obesidade e câncer 
[Martinez de Morentin et al. 2014b].  
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A expressão da mTOR no hipotálamo é responsável pela regulação a ingestão 
alimentar. Além disso, a leptina and grelina estimula sua ação proporcionando maior 
fosforilação e consequentemente maior sinal orexígeno [Martinez de Morentin et al. 
2014b; Martins et al. 2012]. Recentemente foi demonstrado que animais com 
hipertiroidismo induzido apresentam maior fosforilação da mTOR acompanhada da 
aumentada expressão dos genes relacionados ao aumento da ingestão alimentar, 
peptídeo agouti (AgRP) e neuropeptídeo Y (NPY) e reduzida expressão do mRNA para 
pro-opiomelanocortina (POMC) no núcleo ARC. De maneira interessante, o uso da 
rapamicina, um inibidor farmacológico da mTOR foi capaz de reverter a hiperfagia 
induzida pelo hormônio da tireoide normalizando os neuropeptídeos controladores do 
aumento do apetite [Varela et al. 2012]. Nesse sentido, outro estudo encontrou que a 
inibição da sinalização da mTOR com rapamicina diminui a ação orexígena da grelina 
melhorando o funcionamento dos neuropeptídeos estimuladores da fome (AgRP e NPY) 
[Martins et al. 2012].   
A figura 3 descrita acima também descreve a via de sinalização da 
mTOR/AMPK no controle central da ingestão alimentar. 
Além do papel da mTOR no controle da homeostase de energia, a mTOR 
também influencia a sinalização inflamatória. Por exemplo, as citocinas pró-
inflamatórias TNF e IL1β ativam o IKK/NFκB via Akt, como descrito acima uma 
molécula envolvida na via de sinalização da mTOR [Madrid et al. 2001; Ozes et al. 
1999]. Diretamente, foi identificado em modelo de câncer de próstata que a rapamicina 
diminui a ativação da sinalização do IKK/NFκB [Dan et al. 2008]. Portanto, esses 
achados sugerem que a mTOR apresenta um potencial papel na resposta inflamatória na 
qual pode ser implicado na anorexia e caquexia induzida pelo câncer. 
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1.6. Tecidos adiposos no controle da termogênese 
O hipotálamo é reconhecido como a principal estrutura anatômica do SNC 
responsável não só pelo controle da ingestão alimentar, mas também pelo gasto 
energético [Cao et al. 2011; Lopez et al. 2010; Martinez de Morentin et al. 2014a; Owen 
et al. 2014]. Nesse sentido, o núcleo VMH do hipotálamo desempenha papel primordial 
sobre o gasto energético [Contreras et al. 2014b; Lage et al. 2008]. 
Desde a década de 30 [Ranson SW 1938] foi observado que hipotálamo era 
responsável pela conexão com os tecidos periféricos modulando a termogênese via fibra 
nervosa aferente. Assim, entre os receptores adrenérgico, o β3 foi considerado o 
principal  transmissor termogênico para os  tecidos periféricos, principalmente para o 
tecido adiposo marrom (TAM). Uma vez que os receptores β-adrenérgicos são ativados, 
ocorre à ativação da lipólise e aumento dos níveis sanguíneos de ácidos graxos livres, 
que podem ativar a expressão da UCP1 aumentando o gasto energético [Contreras et al. 
2014b; Lage et al. 2008]. 
Em indivíduos adultos, o TAM foi identificado há menos de 10 anos atrás 
[Nedergaard et al. 2007]. Este tecido adiposo é encontrado na região interescapular, área 
do pescoço, região periadrenal e em torno das glândulas supra-renais [Lidell et al. 
2013]. Além do TAM, desde 2010 vem sendo discutido a existência do tecido adiposo 
bege [Cao et al. 2011; Cao et al. 2010]. Este tecido apresenta características semelhantes 
ao TAM, com maior quantidade de mitocôndrias, células multiloculares, expressão de 
UCP1 e capacidade de gerar calor do que o tecido adiposo branco. Essa capacidade de 
aumentar a produção de calor do tecido adiposo bege é denominada “browning” e pode 
ser ativada através da exposição prolongada ao frio e com o uso de agonista dos 
receptores β3 adrenérgicos [Bartelt and Heeren 2014; Cousin et al. 1992]. As células 
mesenquimais presentes no TAM possuem a capacidade de se diferenciar em adipócitos 
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beges em resposta ao frio e estimulação β3 adrenérgica. Sabe-se que os adipócitos do 
TAM são derivados de células progenitoras do tecido muscular, ou seja, ambas possuem 
grande quantidade de mitocôndrias com função de produzir calor [Park et al. 2014]. 
Embora o processo de “browning” vem sendo apontado como uma potente 
ferramenta no combate à obesidade e resistência à insulina [Contreras et al. 2014b; Lee 
MY 2014; Nedergaard and Cannon 2014; Owen et al. 2014; Qiu et al. 2014], os fatores 
que podem ativar o tecido adiposo branco em bege ainda é pouco esclarecido.  
Diferentemente das doenças relacionadas à obesidade, durante o câncer um 
estudo publicado em 2010 revelou que o enriquecimento ambiental inibe o crescimento 
tumoral via sistema simpático. A elevada expressão simpática foi capaz de ativar os 
receptores β adrenérgicos, diminuir a secreção de leptina e aumentar de adiponectina 
atenuando o crescimento tumoral periférico, por indiretamente, inibir a angiogênese. 
Além disso, os autores observaram que o BDNF no hipotálamo pode mimetizar os 
efeitos benéficos do enriquecimento ambiental [Cao et al. 2010]. 
Recentemente foi demonstrado que em modelo de cachexia (Lewis lung 
cancer) que a proteína relacionada ao paratormônio (PTH) modula o gasto energético 
contribuindo para a caquexia induzida pelo câncer. Por outro lado, o bloqueio da 
proteína relacionada ao PTH melhorou a caquexia do câncer por atenuar a produção de 
calor e a conversão do tecido adiposo branco em bege [Kir et al. 2014]. Outro estudo 
publicado em 2014 revelou que a inflamação crônica induzida pelo modelo de caquexia 
do câncer e a citocina IL6 são capazes de induzir a expressão da UCP1 no tecido 
adiposo subcutâneo, aumentar o gasto energético e a secreção de ácidos graxos livres e 
triacilglicerol. Entretanto, o tratamento com o anticorpo anti-IL6, o uso de animal 
deficiente em IL6 e o tratamento farmacológico com o antagonista β3 adrenérgico 
foram capazes de atenuar o processo de “browning” melhorando a caquexia induzida 
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pelo câncer [Bartelt and Heeren 2014]. Embora estes achados sejam promissores e 
ajudarem a entender que o SNC possui um papel importante na modulação do 
crescimento tumoral, até o momento sabe-se que o BDNF é a única molécula que atua 
no hipotálamo controlando a dissipação de calor para o tecido adiposo e indiretamente 
atenuando o crescimento tumoral. Portanto, baseado na função da AMPK 
especificamente no núcleo VMH sobre a termogênese e seu potente papel em modular a 
inflamação, nós suscitamos a hipótese que a AMPK hipotalâmica poderia ser envolvida 
na caquexia do câncer via modulação da inflamação, homeostase de energia e 
“browning”. 
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2. OBJETIVOS 
Objetivo geral  
Avaliar o papel da AMPK/mTOR hipotalâmica no controle da inflamação 
central e sistêmica e da homeostase de energia em modelos de câncer. 
 
Objetivos específicos 
 Avaliar a ingestão alimentar, peso corporal, peso dos tecidos adiposos epididimal, 
retroperitoneal, subcutâneo e marrom de animais controle, com tumor e tratados com 
o dominante negativo para S6K ou AMPK e em roedores tratados com AMPK 
constutivamente ativo; 
 Avaliar a produção de citocinas pró-inflamatórias através da diferença entre o sangue 
venoso (veia jugular) e o sangue arterial (artéria femural) em animais com câncer ou 
que tiveram a AMPK hipotalâmica inibida; 
 Verificar a fosforilação da mTOR no núcleo arqueado (ARC) e avaliar se a injeção 
do dominante negativo para a proteína S6K no núcleo ARC de animais com tumor 
melhora a anorexia induzida pelo tumor; 
 Verificar qual isoforma da AMPK (α1, α2 ou a combinação α1/α2) modula a 
homeostase energética, inflamação, crescimento tumoral e expressão gênica dos 
marcadores termogênicos no tecidos adiposos epididimal e subcutâneo; 
 Verificar os efeitos do tratamento intracerebroventricular com AICAR e/ou 
associados aos inibidores colinérgicos sobre a anorexia, crescimento tumoral e 
caquexia em modelo de câncer; 
 Avaliar os efeitos da ativação do sistema colinérgico com GTS-21 ou estimulação 
elétrica (eletroacunputura) sobre a ingestão alimentar, indicadores de composição 
corporal e crescimento tumoral. 
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3. METODOLOGIA 
 
Materiais 
Os reagentes e os aparelhos para o gel de sódio dodecil sulfato de 
poliacrilamida (SDS-PAGE) foram da Bio-Rad (Richmond, CA). Metano 
hidroximetilamina (TRIS), fenilmetilsulfonilfluoreto (PMSF), aprotinina e ditiotreitol 
(DTT) foram da Sigma Chemical Co. (St. Louis, MO). A membrana de nitrocelulose 
(BA85, 0,2μm) foi de Schleicher & Schuell. Tanto o inibidor farmacológico da AMPK 
(composto C; cód. P5499) quanto o inibidores colinérgicos (hexametônio, cód. H0879 e 
atropina, cód. A0132) foram adquiridos pela Sigma. O antagonista β3 adrenérgico 
(SR59230A) foi adquirido da Tocris Bioscience. Os anticorpos anti-AMPK 
fosfotreonina 172, anti-IKK fosfoserina 176/180, anti-alfa tubulina, anti-beta-actina e 
anti-fosfo JNK foram utilizados da Cell Signaling Technology e os anticorpos anti-
NFκBp65 e anti-UCP1 foi obtido da Santa Cruz Biotechnology (Santa Cruz, CA). O 
anticorpo anti-AMPKα1 foi adquirido da ABCAM. O Anticorpo anti-rabbit, anti-goat 
ou anti-mouse  IgG secundário conjugado com peroxidase foi obtido da KPL 
(Kirkegaard & Perry Laboratories, Inc., USA). O Kit para reação de 
quimioluminescência (Supersignal West Pico Chemiluminescent Substrate) foi obtido 
da Pierce (Pierce, Rockford, IL). A bomba de infusão osmótica foi obtida pela 
ALZET®. 
 
Animais 
Para atender a necessidade do uso de modelos de animais controle e com 
tumor, foram utilizados ratos da linhagem Wistar-Han Uni e camundongos C57BL/6 de 
8-12 semanas de idade mantidos em dieta controle (proteína 20%, carboidrato 70% e 
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lipídio 10%) e provenientes do CEMIB, UNICAMP, Campinas. Os ratos Sprague-
Dawley e ou camundongos C57BL6/J foram utilizados para os experimentos onde 
houve manipulações com partículas adenovirais. Estes foram obtidos do Animalario 
Central da Universidad de Santiago de Compostela-USC, Espanha. 
 
Indução do tumor 
As células de linhagem de câncer de pulmão (Lewis Lung carcinoma-LLC) 
foram obtidas da American Type Culture Collection (ATCC), Filadélfia, PA, USA. As 
células foram cultivadas em meio apropriado de acordo com recomendações da ATCC, 
com adição de penicilina/streptomicina e anfotericina B, mantidas a 37°C e em 
incubadora de CO2. 
As células do tumor de Walker-256 foram derivadas do fluído ascítico de ratos 
Wistar ou Sprague-Dawley após 5-8 dias da injeção peritoneal de 20 x 10
6
 células. 
 
Modelos de tumor 
Para os experimentos em ratos, 2 x 10
6
 células de Walker-256 foram 
inoculadas no flanco direito de ratos Wistar e Sprague-Dawley de 10 semanas de idade. 
Para os experimentos em camundongos, 10
6
 células  de Walker-256 foram 
inoculadas no flanco de camundongos C57/BL6 de 10 semanas de idade. 
 
Implante de cânulas e bomba de infusão 
Os animais foram submetidos à anestesia com ketamina e xilazina. Os 
camundongos foram completamente anestesiados com ketamina 100-200 mg/kg + 
xilazina 05-16 mg/kg e os ratos serão anestesiados com ketamina 40-87 mg/kg + 
xilazina 5-13 mg/kg com duração de 45-90 minutos por injeção. O procedimento foi 
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iniciado quando os reflexos corneano e de retirada da pata a dor estiverem abolidos. Os 
ratos e os camundongos foram adequadamente posicionados no aparelho para realização 
de cirurgia estereotáxica e, após tricotomia e anti-sepsia da região craniana, foi 
realizado incisão inter-parietal de aproximadamente 1,5cm de extensão. A seguir, o 
periósteo foi divulsionado e com a calota craniana exposta, foi possível individualizar o 
Bregma (referência para as coordenadas estereotáxicas). As infusões foram 
bilateralmente para os núcleos ARC e VMH e e no terceiro ventrículo infusão única  
obedecendo coordenadas estereotáxicas previamente estabelecidas através do atlas 
estereotáxico de Paxinos [Paxinos and Watson 1986]. Para rato no VMH (anterior-
posterior [AP] ±3.2/2.3 mm, Lateral [L] ± 0.6 mm do Bregma and dorso-ventral [DV] 
−10.5 mm do da superfície craniana), terceiro ventrículo de camundongos (anterior-
posterior [AP] −1.50 mm e dorso-ventral [DV] −5.0 mm da superfície craniana) e 
camundongos para o VMH (anterior-posterior [AP] −1.5 mm, lateral [L] ± 0.3 and 
dorso-ventral [DV] −5.5 mm da superfície cerebral) foram implantadas usando uma 
agulha com calibre 25G (Hamilton, Reno, NV) conectada a uma seringa de 1 ou 5 μL 
como descrito previamente [Martinez de Morentin et al. 2014a]. 
 
Coleta do fluído cerebrospinal 
O líquido cerebrospinal de animais controle e caquéticos (tumor de Walker-256 
para ratos Wistar e tumor de pulmão-LLC para camundongos C57BL6/J) foi removido 
pela introdução de uma agulha na cisterna magna localizada no crânio dos roedores 
usando um aparelho estereotáxico e agulha 22G. 
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Tratamentos intracerebroventriculares ou intraperitoneal 
Tratamento crônico com Veículo, Composto C, AICAR, Atropina e Hexametônio: 
Veículo, composto C (10µg/dia, Sigma®), AICAR (10µg/dia, Sigma®), atropina 
(4µg/µL/dia, Sigma®), hexametônio (500µg/dia, Sigma®) foram preparados em 
solução com veículo e injetados no terceiro ventrículo de camundongos através da mini-
bomba osmótica acoplada no dorso dos animais. Estes tratamentos foram realizados 
uma cânula especial acoplada a uma bomba de infusão osmótica (ALZET®) com fluxo 
de infusão de 0,11 µL/h para tratamentos de até 15 dias. 
 
Tratamento crônico com GTS-21: GTS-21 (1mg/kg/dia, Sigma®) and salicilato de 
sódio (1mg/kg/dia, Sigma®) foram injetados intraperitonealmente. 
 
Tratamento com CSF: Para os experimentos onde houveram infusões do fluído 
cerebrospinal (CSF), 2µl do fluído foi retirado de animais controle ou caquéticos e 
imediatamente injetado no terceiro ventrículo de camundongos ou ratos controle por 3 
dias consecutivos. 
 
Vetores virais: Os vetores virais (codificando green fluorescent protein [GFP] foi 
utilizado como controle ou o dominante negativo (para inibir a ação) para a AMPKα1-
DN, para AMPKα2-DN, para as duas isoformas AMPKα1/α2-DN ou o 
constitutivamente ativo (para ativar a ação) da AMPKα1-CA, foram obtidos da 
SignaGen® Laboratories, Lot#: AD61694, Rockville, MD) e infundidos a um fluxo de 
200 nL/min durante 4 min (1 μL/local de injeção) em uma única infusão no 
ventromedial do hipotálamo (VMH). 
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Análise do crescimento do enxerto tumoral 
As células Lewis Lung Carcinoma (1 X 10
6
) foram ressuspendidas em 100μl 
do meio de cultura sem soro fetal bovino (FBS) e foram inoculadas na região dorsal dos 
camundongos (8-10 semanas de idade). Os tumores foram mensurados diariamente e 
seus volumes calculados através da fórmula: largura
2
 X comprimento X 0,52. Os 
animais foram pesados e tiveram as ingestões mensuradas diariamente por 
aproximadamente 15 dias consecutivos. 
 
Quantificação dos níveis de citocinas no soro e no fluído cerebrospinal  
Por meio de cateteres introduzidos na veia jugular foi obtido o sangue venoso e 
na artéria femural o sangue arterial. Através da diferença entre as concentrações de 
citocinas, foi indiretamente avaliado o que o cérebro secretou de citocinas em 
comparação com os tecidos periféricos [Nybo et al. 2002]. Os níveis de citocinas foram 
quantificados pelo kit comercial da Pierce Endogen, Rockford, IL, de acordo com as 
instruções do fabricante. 
 
Estimulação elétrica (Eletroacunputura) 
Os camundongos tratados com composto C e com tumor de Walker-256 foram 
submetidos à estimulação elétrica na pele. Utilizando o aparelho de estimulação elétrica 
(Acupuncture Needle Stimulator – Jia Jian®, 6 channels, China) e eletrodos de platina 
introduzidos na região do nervo vago-cervical posicionado a 3mm de profundidade da 
pele, os animais receberam diariamente estímulos elétricos sempre sobre anestesia. 
Após 7 dias da inoculação tumoral ou injeção de composto C, foi iniciado o tratamento. 
Os estímulos elétricos foram aplicados durante 5 min em uma voltagem de 5Hz a 10V 
sempre após 30 min da infusão de composto C ou horário livre para os animais com 
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câncer. Os tratamentos foram realizados diariamente até 3 dias após o diagnóstico de 
anorexia do grupo com tumor de Walker-256 ou durante os 3 dias consecutivos de 
tratamento com composto C (10µg via i.c.v. por camundongo por dia). Para a 
estimulação controle, ambos os camundongos e ratos tiveram a fixação do eletrodo de 
platina acoplado à pele, porém sem estímulo elétrico. Durante todo o tratamento, os 
animais permaneceram mantidos em temperatura controlada. Para evitar o estresse, a 
ingestão alimentar e a massa corporal dos roedores foram mensurados após a 
estimulação elétrica. Todos os procedimentos experimentais, bem como os métodos de 
assepsia foram seguidos como descritos previamente [de Jonge et al. 2005; Torres-
Rosas R 2014]. 
 
Determinação do gasto energético 
Os animais caquéticos que receberam tratamento com adenovírus (GFP ou 
AMPK-CA) foram submetidos à determinação do gasto energético pelo sistema de 
calorimetria (LabMaster, TSE Systems, Bad Homburg, Germany) como descrito 
previamente [Contreras et al. 2014a; Martinez de Morentin et al. 2014a]. Todos os 
outros experimentos tiveram a avaliação do consumo de oxigênio e a produção de 
dióxido de carbono mensurada em ratos e camundongos através de um circuito aberto 
para calorimetria (LE405 Gas Analyzer, Panlab – Harvard Apparatus, Holliston, MA, 
USA). 
 
Quantificação da massa adiposa e magra 
 
A determinação da massa magra ou gorda foi quantificada pelo DEXA 
(HOLOGIC®, Bedford, MA) ou pela resonância magnética nuclear (Whole Body 
Composition Analyzer; EchoMRI, Houston, TX). 
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Esplenectomia e Vagotomia 
A esplenectomia foi realizada em camundongos com tumor de LLC e em ratos 
com tumor de Walker-256. Após 4-5 dias do implante tumoral, os animais foram 
submetidos à esplenectomia total e ou vagotomia do nervo que se liga ao baço na região 
torácica. Toda cirurgia “Sham”, remoção do baço ou ligação vagal foi realiada com 
animais sob anestesia. Após 2-3 dias de recuperação, os animais tiveram o consumo 
alimentar, peso corporal e análise do crescimento tumoral mensurado diariamente. 
 
Análises da temperatura 
A temperatura da pele ao redor do tecido adiposo marrom foi avaliada por uma 
câmera infravermelha (E60bx: Compact-Infrared-Thermal-Imaging-Camera; FLIR, 
West Malling, Kent, UK). Foram utilizados 6 roedores por grupo experimental e 3 fotos 
foram tomadas de cada animal e posteriormente analisadas pelo software do fabricante 
[Martinez de Morentin et al. 2014a; Martinez de Morentin et al. 2012; Whittle et al. 
2012]. 
Os camundongos tratados com infusão única de Composto C, foram 
submetidos à medida da temperatura corporal. Foi realizada uma incisão na região 
abdominal da cavidade peritoneal para inserção do probe de temperatura (Subcue 
Dataloggers, Calgary, AB, Canadá). A sutura da pele foi realizada através do fio 
específico para cirurgia e camundongos foram mantidos em recuperação de 5 dias antes 
do protocolo experimental de infusão do Composto C. O probe foi ajustado para 
quantificar a temperatura corporal a cada 15 min. 
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PCR em tempo real 
As amostras de tecido adiposo epididimal e subcutâneo tiveram a extração de 
RNA extraída usando trizol e processadas pelo ensaio de expressão gênica Taqman da 
Applied Biosystems. Os genes e primers utilizados estão descritos nos artigos. 
  
Imunofluorescência e imunohistoquímica 
Secções de 5µm do hipotálamo fixado em parafina (antero-posterior = - 1.78 
do bregma) de 3 animais por grupo foram submetidas a dupla marcação usando os 
anticorpos DAPI, anti-GFAP, anti-NeuN and anti-fosfo-IKK. Em relação ao tecidos 
adiposos epididimal ou subcutâneo, foram também fixados em parafina e submetidos a 
simples marcação com os anticorpos anti-DAPI e anti-UCP1. As análises e 
fotodocumentação dos resultados foram realizadas pelo microscópio confocal LSM 510 
(Zeiss, Jena, Germany).   
 
Western Blotting 
Extração de tecidos 
Os tecidos hipotalâmico, baço e adiposos (marrom, epididimal e subcutâneo) 
extraídos, foram imediatamente colocado em tampão de extração (1% Triton X-100, 
100 mM Tris (pH 7.4), 100 mM pirofosfato de sódio, 100 mM fluoreto de sódio, 10 
mM EDTA, 10 mM vanadato de sódio, 2 mM fluoreto de fenilmetanossulfonila e 0.1 
mg/ml aprotinina) e homogeneizado com Politron PTA 20S Generator, Brinkmann 
Instruments model PT 10/35, ajustado à velocidade máxima. 
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Análise protéica por immunoblotting 
As amostras foram obtidas a partir do sobrenadante e foram misturados em 
tampão de Laemmli [Laemmli 1970] contendo DTT 100mM e aquecidos em água 
fervente por 5 minutos, submetidos a eletroforese gel de poliacrilamida (SDSPAGE), o 
gel foi balizado por marcador de alto peso molecular da Bio Rad. A eletroforese foi 
realizada em cuba de minigel da Bio Rad, com solução tampão para eletroforese 
previamente diluída. O SDS-PAGE sempre submetido a 80 volts inicialmente até a 
passagem pela fase de empilhamento (stacking) e 140 volts até o final do gel de 
resolução (resolving). A transferência das proteínas separadas no gel foi feita 
eletricamente para uma membrana de nitrocelulose, através de um aparelho também da 
Bio Rad por 120 minutos a 25V. 
As membranas com as proteínas transferidas foram incubadas em solução 
bloqueadora (leite desnatado 5%, Tris 10mM, NaCl 150mM e Tween 20 0,02%) por 
duas horas a temperatura ambiente a fim de diminuir a ligação inespecífica dos 
anticorpos à membrana de nitrocelulose. Depois de lavadas em solução basal, as 
membranas foram incubadas com anticorpos específicos e mantidas a 4°C, overnight, 
sob agitação contínua. Em seguida as membranas foram novamente lavadas com 
solução basal e as proteínas específicas foram identificadas através das peroxidases 
(anti-mouse, anti-rabbit e anti-mouse, marca Thermo Scientific-Pierce®), seguidas da 
quimioluminescência em membranas de nitrocelulose. As bandas foram analisadas 
através de densitometria óptica pelo aparelho fotodocumentador ImageLab da Biorad®.  
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Forma de análise dos resultados 
Os resultados foram expressos como média e erro padrão. A análise estatística 
dos resultados foi realizada por teste t de Student ou ANOVA seguida do teste de 
Bonferroni com significância p ≤ 0,05. 
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4. RESULTADOS E DISCUSSÃO 
Os resultados desta tese estão apresentados no formato de artigos científicos. 
Vale ressaltar que os manuscritos são “drafts” iniciais em fase de preparação para 
submissão. 
Como resultados principais, nós primeiramente descrevemos a relação da 
AMPK hipotalâmica especificamente no VMH e seu papel no controle da inflamação 
central e sistêmica. Além disso, a inflamação derivada de células neuronais (maior 
secreção de citocinas pela veia jugular) após a inibição da AMPK hipotalâmica sustenta 
a hipótese que o SNC atue diretamente aumentando a inflamação no baço e no tecido 
tumoral potencializando o crescimento do tumor. Assim, fortalecendo nossos dados, 
estudos realizados em humanos revelaram que o após uma sessão de exercício físico ou 
maratona o sangue derivado da veia jugular secreta maior quantidade da citocina IL6 e 
BDNF quando comparado com o sangue arterial [Dalsgaard et al. 2004; Nybo et al. 
2002; Rasmussen et al. 2009; Seifert et al. 2010]. 
Num segundo ponto, utilizando vetores virais para manipular geneticamente o 
papel da AMPK em núcleo específico do hipotálamo, encontramos que a inibição da 
AMPK, principalmente a isoforma alfa 1 é essencial para a produção de calor no tecido 
adiposo marrom e nos tecidos adiposos branco epididimal e mais precisamente no 
subcutâneo. 
Portanto, estes achados permitiram criar uma hipótese de que a inflamação 
sistêmica alcance o SNC por um mecanismo de “retroalimentação-feed forward” no 
qual faz uma ligação entre o eixo AMPK hipotalâmica-baço-tecido tumoral-inflamação. 
Por outro lado, a ativação da AMPK seja ela diretamente no terceiro ventrículo com 
AICAR ou no VMH com partículas adenovirais foram capazes de atenuar a inflamação 
e anorexia induzida pelo tumor. Como observado em estudo prévio do nosso laboratório 
 32 
 
a ativação da AMPK hipotalâmica atenuou não só a anorexia, como também a 
esplenomegalia [Ropelle et al. 2007]. Baseado nesses resultados, nós suscitamos a 
hipótese de que o baço teria importante papel no câncer. Para isso, nós buscamos avaliar 
se a esplenectomia ou a vagatomia dirigida ao baço poderia modular a anorexia mediada 
pelo câncer. E assim observamos uma atenuada anorexia, caquexia e incidência de 
morte nos grupos esplenectomia e vagatomia quando comparado ao grupo “Walker-
256+sham”. Além disso, nossos achados permitiram concluir que o sistema colinérgico 
participa deste processo modulando não só o a inflamação como também o crescimento 
tumoral e anorexia induzida pelo tumor. Além disso, estudos sugerem que a atenuação 
da inflamação, bem como o número de metástases são atenuados com o uso dos 
estimuladores do sistema colinérgico [de Jonge et al. 2005; Erin et al. 2012]. 
Adicionalmente, observamos que a ativação farmacológica bem como genética 
da AMPKα1 com adenovírus melhorou a caquexia induzida pelo tumor (células LLC), 
diminuiu a geração de calor pela atenuada expressão dos marcadores termogênicos 
como também pela expressão protéica de UCP1, gasto energético e inflamação. Além 
disso, estes resultados forneceram uma forte evidência que a AMPKα1 no núcleo VMH 
age aumentando a produção de calor e inflamação contribuindo para a caquexia do 
câncer via o sistema β3 adrenérgico. 
Baseado no papel da AMPK e mTOR hipotalâmica no controle da homeostase 
de energia, nós buscamos avaliar a função da mTOR no núcleo arqueado (ARC) de 
animais com anorexia induzida pelo câncer. Assim, o aumento na fosforilação da IKK 
foi associada com maior ativação da via da mTOR no núcleo ARC do hipotálamo, por 
outro lado,  a inibição da S6K, uma quinase “downstream” a mTOR foi capaz de 
atenuar a inflamação, anorexia e caquexia mediada pelo câncer.  
 33 
 
Portanto, os resultados desta tese forneceram um importante eixo entre o 
hipotálamo com os tecidos periféricos (baço e tecidos adiposos) no controle da anorexia 
de animais com câncer. Os dois modelos de câncer utilizados (Lewis lung carcinoma e 
tumor de Walker-256) foram excelentes, pois permitiram explorar nossas hipóteses. 
Além disso, o uso dos vetores virais, bem como o AICAR e a estimulação elétrica 
também forneceram resultados essenciais para descrever o papel da AMPK e mTOR no 
controle do câncer. Os tratamentos com o agonista α7AChR e o antagonista β3AR 
parecem atuar de maneira sinérgica não só a inflamação, como também a caquexia 
mediada pelo câncer. Assim, novas fronteiras podem-se abrir para o tratamento do 
câncer e melhorar a qualidade de vida dos pacientes.  
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Abstract 
 
Several studies suggest that AMPK is an important protein that modulates inflammation 
by exerting its effects on myeloid cells activation. The results presented herein extend 
the role of AMPK, by unrevealing an AMPK dependent hypothalamic neural circuit that 
modulates systemic inflammation. Specifically, our data show that genetic or 
pharmacological inhibition of hypothalamic AMPK leads to central and systemic 
inflammation in rodents. In contrast, activation of hypothalamic AMPK with adenovirus 
encoding constitutively active AMPKα1, as well as the pharmacological treatment with 
AICAR and salicylate attenuated tumor-mediated anorexia. Importantly, this 
hypothalamus-mediated inflammatory response was sufficient to promote cancer 
growth. The anti-inflammatory and antitumoral effects of AICAR were abolished in 
animals that received cholinergic antagonists, such as the combination of 
hexamethonium and atropine. Furthermore, GTS-1, a selective cholinergic agonist and 
electrical stimulation/electroacupuncture suppressed cancer growth, suggesting that the 
inflammatory reflex links hypothalamic AMPK to systemic inflammation. Therefore, 
these observations not only provide a novel mechanism by which hypothalamus 
controls systemic inflammation but supply that hypothalamic AMPK acts as an 
important center of feed forward loop that sustains inflammation and contribute to 
cancer development.  
 
Key-words: hypothalamus, AMPK, anorexia, cancer, inflammation.
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Introduction 
Systemic inflammation can be inhibited through a neural circuit that controls 
vagus nerve tone. In accordance with Tracey [Tracey 2007], this reflex is called 
cholinergic inflammatory pathway and it is deflagrated by: 1), cranial nerves that 
connects the CNS to visceral organs, such as the spleen and liver, which are considered 
the largest reservoirs of cytokines; 2), the sensory fibers, which send information to the 
brain via the vagus nerve and, for example, are known to start fever; 3), inhibition of 
TNF-α production, which increases the activity of the efferent vagus nerve [Hansen et 
al. 2001; Tracey 2002; Tracey 2007; Wang et al. 2010].  
CNS can attenuate systemic cytokine release via the inflammatory reflex, 
which involves the vagus nerve to prevent tissue injury and death. Accordingly, 
cholinergic agonists or stimulation of vagus nerve inhibit cytokine synthesis protecting 
against inflammation-induced diseases, such as sepsis, ischemia, arthritis, hemorrhagic 
shock and cancer [Borovikova et al. 2000a; Borovikova et al. 2000b; de Jonge et al. 
2005; Tracey 2002; Tracey 2007; Wang et al. 2004; Wang et al. 2003]. Rodents 
exposed to inflammatory challenge with endotoxemia produces exaggerated TNF-α 
levels in α7 nAChR KO mice and in animals submitted to vagotomy, suggesting that the 
main cholinergic receptor involved in the inhibition of cytokine secretion is the 7 
subunit of the nicotinic AChR (α7 nAChR) [Tracey 2007]. However, the molecular 
mechanisms as well as the anatomic relays in the CNS that trigger the inflammatory 
reflex are not clear. 
Hypothalamic AMPK has been known as a key molecule in the regulation of 
energy homeostasis [Andersson et al. 2004; Hardie and Carling 1997; Kim et al. 2004; 
Loftus et al. 2000; Lopez et al. 2008; Lopez et al. 2010; Martinez de Morentin et al. 
2012; Minokoshi et al. 2004; Pimentel et al. 2013]. Interestingly, AMPK was also 
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described as a crucial molecule in the regulation of inflammation. [Giri et al. 2004; 
Hattori et al. 2006; Jhun et al. 2004; Kim et al. 2007; Kuo et al. 2008; Nerstedt et al. 
2010; O'Neill and Hardie 2013; Ropelle et al. 2007; Wang et al. 2010; Zhao et al. 2008]. 
Exploring the connections between the CNS and systemic responses, we observed that 
activation of hypothalamic AMPK in rats bearing Walker-256 tumors attenuate 
hypothalamic inflammation, which resulted not only in increased food intake but also 
reduction of spleen size and prolonged survival [Ropelle et al. 2007], suggesting that 
hypothalamic AMPK activity could regulate systemic inflammation.  
Herein, using pharmacological and genetic approaches we sought to investigate 
whether hypothalamic AMPK modulates the inflammatory reflex to control systemic 
inflammation. 
 
Experimental procedures 
 
Rodents 
Rodents were maintained on a 12hr artificial light-dark cycle in a temperature 
controlled free access to standard rodent chow and water. All experiments were 
approved by the ethics committee of Brazil and Spain: UNICAMP (Project ID 2425-1) 
and USC Local Ethical Committee and the Ministry of Science and Innovation of Spain 
(Project ID PI12/01814). 
 
Cells 
Lewis lung carcinoma (LLC) cell lines were obtained from ATCC (Philadelphia, 
PA, USA) and the Walker-256 tumor cell line was obtained from the Christ Hospital 
Line, National Cancer Institute Bank (Cambridge, UK). LLC cells were cultured at 
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37°C with 5% CO2 in RPMI and supplemented with 10% FBS. Walker-256 tumor cells 
were derived from the ascitic fluid of Wistar rats, 5-8 days after intraperitoneal injection 
of 20 x 10
6
 cells.  
 
Tumor Models 
For rat experiments, 2 x 10
6
 Walker-256 tumor cells were inoculated into the 
right flank of 10 week-old male Wistar rats. For mouse experiments, 10
6
 LLC tumor 
cells were inoculated into flank of 10 week-old male C57/BL6. 
 
Anorexia definition 
Anorexia was classified as a decrease of food intake to less than 75% of 
baseline after a steady decline of at least 3 consecutive days [Wisse et al. 2001].  
 
Intracerebroventricular and intra-VMH infusions 
Rodents were positioned in a stereotactic frame (David Kopf Instruments, 
Tujunga, CA) under ketamine/xylazine anesthesia. Rat VMH (anterior-posterior [AP] 
±3.2/2.3 mm, medial-lateral [ML] ± 0.6 mm from Bregma and dorsal-ventral [DV] 
−10.5 mm from the brain surface), mouse third ventricle (anterior-posterior [AP] −1.50 
mm and dorsal-ventral [DV] −5.0 mm from the brain surface), and mouse VMH 
(anterior-posterior [AP] −1.5 mm, medial-lateral [ML] ± 0.3 and dorsal-ventral [DV] 
−5.5 mm from the brain surface) were targeted using a 25-gauge needle (Hamilton, 
Reno, NV) connected to a 1 or 5μL syringe as previously described [Martínez de 
Morentin 2014]. 
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Cerebrospinal fluid collection 
CSF from control and tumor-bearing cachectic LLC mice was removed by the 
introduction of a needle into the cisterna magna through the skin and dura mater using a 
stereotactic 22-gauge needle. 
 
Intracerebroventricular and Intraperitoneal infusions and Arcuate and Ventromedial 
Nucleus Microinjection of AMPK Isoforms Adenoviral Expression Vector 
Vehicle, compound C (10µg/day, Sigma®), AICAR (10µg/day, Sigma®), 
atropine (2.5µg/day, Sigma®), hexamethonium (500µg/day, Sigma®) was prepared in 2 
µL and injected into the third ventricle of rats at 5:00 p.m.  GTS-21 (1mg/kg/day, 
Sigma®) and sodium salicylate (1mg/kg/day, Sigma®) were intraperitoneally injected. 
For CSF transfer experiments, 2µl of freshly harvested CSF was infused over 2 min into 
the third ventricle of control animals daily for three consecutive days. Adenoviral 
vectors (encoding green fluorescent protein [GFP] or AMPK-α1 dominant negative 
[DN] or AMPK-α2 dominant negative [DN], AMPK-α1/α2 dominant negative [DN] or 
AMPK-α1 constitutively active [CA], SignaGen® Laboratories, Lot#: AD61694, 
Rockville, MD) were delivered at a rate of 200 nL/min for 4 min (1 μL/injection site).  
 
Energy Expenditure 
Oxygen consumption and dioxide carbon production were measured in both 
rats and mice through an open circuit calorimetery system (LE405 Gas Analyzer, 
Panlab – Harvard Apparatus, Holliston, MA, USA). LLC cachectic mice which were 
treated with VMH-GFP and/or AMPK-CA were submitted to energy expenditure 
evaluation by calorimetric system (LabMaster, TSE Systems, Bad Homburg, Germany) 
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as previously described  [Martinez de Morentin et al. 2014; Martinez de Morentin et al. 
2012]. 
 
DEXA Analysis 
Body composition was measured by dual energy X-ray absorptiometry 
(DEXA) (HOLOGIC®, Bedford, MA). 
 
Temperature Surrounding BAT Analysis 
Skin temperature was evaluated by infrared camera (E60bx: Compact-Infrared-
Thermal-Imaging-Camera; FLIR, West Malling, Kent, UK). 8 rodents were used per 
group, and for each animal, three pictures were taken as described previously [Martinez 
de Morentin et al. 2012; Martínez de Morentin 2014; Whittle et al. 2012]. 
 
Hypothalamic Tissue Lysates and Western Blot Analysis 
Specific hypothalamic nuclei or whole hypothalamus, as well as the spleen 
were lysed in freshly prepared ice-cold buffer (1% Triton X-100, 100 mmol/l Tris, pH 
7.4, 100 mmol/l sodium pyrophosphate, 100 mmol/l sodium fluoride, 10 mmol/l EDTA, 
10 mmol/l sodium vanadate, 2 mmol/l phenyl methylsulphonyl fluoride, and 0.1 mg 
aprotinin). Antibodies utilized were: anti-phospho-AMPK, anti-phospho-pACC, anti-
ACC, anti-phospho-pJNK, anti-β-actin, anti-α tubulin were purchased by Cell 
Signaling, and anti-phospho IKK, anti-IKK, anti-NFκBp65, anti-UCP-1 were purchased 
by Santa Cruz Biotechnology. Blots were exposed to preflashed Kodak XAR film. Band 
intensities were quantified by optical densitometry (UN-SCAN-IT Gel Graph Digitizing 
Software, version 6.1). For each individual experiment, all directly compared samples 
were run in the same gel.  
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Real-time PCR 
RNA was extracted using trizol and processed by Taqman Gene Expression 
Assays of Applied Biosystems as previously described [Martinez de Morentin et al. 
2014; Ropelle et al. 2007]. 
 
Immunofluorescence 
5µm sections of paraformaldehyde-fixed hypothalami (antero-posterior = - 
1.78 from bregma) of at least four rats per group were subjected to regular single- or 
double-immunofluorescence staining using DAPI, anti-GFAP, anti-NeuN and anti-
phospho-IKK antibodies as previously described. Analysis and photodocumentation of 
results were performed using a LSM 510 laser confocal microscope (Zeiss, Jena, 
Germany). 
 
Statistical analysis 
All graphical and numeric results are expressed as the means ± SEM of all 
sample replicates performed.  Immunoblots shown are representative of at least four 
independent experiments.  The results of blots are presented as direct comparisons of 
bands in autoradiographs. Statistical analysis was performed using the Student’s T test 
or ANOVA test with the Bonferroni post test. Significance was established at the p < 
0.05 level and is indicated by asterisks. Survival curves were assessed using Kaplan-
Meier estimates and compared using the log-rank test.  The level of significance was set 
at p < 0.05. 
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Results and Discussion 
Hypothalamic AMPK inhibition promotes weight loss and thermogenesis in rodents 
In order to determine the effect of hypothalamic AMPK on energy homeostasis 
and hypothalamic inflammation, we used adenoviral constructs encoding GFP or 
Dominat Negative (DN) AMPKα1-DN and AMPKα2-DN and stereotactically injected 
directly in the VMH of control Sprague-Dawley animals. Consistent with our previous 
studies [Lopez et al. 2010; Martinez de Morentin et al. 2014; Martinez de Morentin et 
al. 2012], our results show that inhibition of hypothalamic AMPKα1 reduced the body 
weight and lean mass independently of food intake (Fig.1A-C). In striking contrast, 
AMPKα2-DN administration did not modulate energy homeostasis (Fig.1D-F). 
Therefore, genetic approaches did not modify food intake, indicating that AMPK 
manipulations in the VMH alter specifically energy expenditure. These results are in 
accordance with a previous study that show that the lack of Ptpn1 in hypothalamic 
steroidogenic factor-1 (SF1) neurons of the VMH leads to reduced energy expenditure 
[Chiappini et al. 2014]. 
Congruent with this idea, the use of the VMH-specific AMPKα1-DN was able 
to increase energy expenditure when quantified by thermogenic camera (Fig.1G). 
Moreover, in C57BL6/J that received a single infusion of compound C (10µg) leaded to 
increase of body temperature (Fig.1H) with increase in the UCP1 protein expression in 
BAT (Fig.1I). Moreover, these effects were associated with increased consumption and 
production of O2 and CO2, respectively (Fig.1J-K) and preference to lipid and protein 
metabolism (Fig.1LF). These data are similar to our previous studies, which 
demonstrated that genetic VMH-specific AMPK activation prevented increase in 
estradiol- and thyroid- induced thermogenesis [Lopez et al. 2010; Martinez de Morentin 
et al. 2014]. 
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Hypothalamic AMPK inhibition induces local and systemic inflammation  
Consistent with an AMPK-mediated modulation of inflammation, previous 
studies observed that AICAR (an AMPK pharmacological activator) treatment inhibits 
the increase of LPS-induced TNF-α mRNA levels in macrophages [Jhun et al. 2004], 
moreover Ampk-α1−/− mice presents increased IFN-γ levels in the spleen and lower IL-17 in T cells [Nath et al. 2009]. Accordingly, our 
immunobloting analysis revealed an increase in IKK and JNK phosphorylation as well 
as NFκBp65 expression in the VMH after the treatment with AMPKα1-DN (Fig.2A), 
but not with AMPKα2-DN (Fig.2B). Interestingly, similar results were observed in the 
spleen after hypothalamic AMPK inhibition (Fig.2A and B). These pro-inflammatory 
effects are VMH-specific since no change was observed after adenoviral particles 
administration (AMPKα1/α2-DN) into ARC nucleus (Fig.S2A-F).  
To gain further insight into the mechanism by which AMPK modulates 
inflammation we suppressed hypothalamic AMPK by means of a pharmacological 
approach, which consist of the injection of compound C (10µg in 2µL, 1x per day for 3 
consecutive days) [Lopez et al. 2008] into third ventricle of C57BL/6 mice. As 
previously shown, we observed that compound C induced a negative energy balance in 
mice, by decreasing food intake, body weight as well as diminishing lean and fat mass 
(Fig.S2A-D). Importantly, we observed higher serum IL6 levels, but not TNF and IL10 
in the compound C group (Fig.S2E), these findings were associated with attenuated 
hypothalamus AMPK signaling (Fig.S2F). Furthermore, i.c.v. infusion of compound C 
promoted increased pro-inflammatory cytokine levels in jugular vein compared to 
arterial blood in both rats (Fig.3C) and mice (Fig.3D). In aggregate, these results 
indicate that hypothalamic AMPK not only modulated local but also systemic 
inflammation. 
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After establishing that hypothalamic AMPK modulates inflammation, we 
sought to investigate whether the source of hypothalamic inflammation was derived out 
of neuronal or glial cells. After 7-8 days of the adenoviral particles injection expressing 
GFP or dominant negative isoforms of AMPK into VMH, we performed 
immunofluorescence confocal studies. Consistent with a neuron predominant effect we 
observed higher rates of IKK phosphorylation in the AMPKα1-DN, AMPKα1/α2-DN 
(Fig.3A) and compound C (Fig.S3A-D) in neurons than glial cells. 
 
Modulation of hypothalamic AMPK simultaneously regulates energy homeostasis and 
tumor growth rate in cancer-induced anorexia models 
In accordance with previous studies [Argiles et al. 2012; Cahlin et al. 2000; 
Nakagawa et al. 2014; Opara et al. 1995; Park et al. 2010; Petruzzelli et al. 2014], our 
results show that rats and mice bearing Walker-256 tumor and LLC respectively, 
presents increased cytokines levels (Fig.4A and B). Furthermore, we detected that CSF 
from cachectic LLC mice presents high TNF levels (data not shown). Next, we 
evaluated whether the administration of cerebrospinal fluid (CSF) harvested from these 
cachectic mice and transferred to control animals modulates energy homeostasis and 
inflammation via AMPK. Our results show that, i.c.v. infusion of CSF from cachectic 
LLC mice decreased food intake (Fig.4C) as well as reduced hypothalamic AMPK 
phosphorylation and increased IKK and JNK when compared with mice that received 
CSF from control mice (Fig.4D). 
In order to explore if sodium salicylate, an AMPK potent pharmacological 
activator [Hawley et al. 2012], could modulate tumor-induced anorexia, we performed 
immunohistochemistry to observe the activation of pAMPK in threonine 172 residues. 
First, sodium salicylate was VMH-specific injected (Fig. 4E) and one hour after the 
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injection, the brain was dissected, removed and processed. We found higher VMH-
specific AMPK phosphorylation in the salicylate group than vehicle (Fig.4F). 
Additionally, the salicylate prevented the body weight loss, but not food intake (Fig. 
4G-H) as well as the tumor growth (Fig.4I). Similarly to pharmacological activators, the 
activation VMH-specific AMPKα1-CA also leads to similar benefic effects, such as 
improvement of anorexia (data not shown) and partial reversion of cachexia, mainly 
epididymal adipose and muscle weight (Fig.4J-K). Moreover, AMPKα1-CA leads to 
reduction of energy expenditure (thermal camera) (Fig.4L) and tumor growth and 
weight (Fig.4M-N). In striking contrast AMPK inhibition with compound C promoted 
tumor growth. Specifically, our data shows that when compound C was stereotactically 
injected directly into the third ventricle of LLC tumor mice, through a mini pump (flow 
0.11µL for hour with 10µg/day) (Fig.4O) there was an increase in tumor weight and 
tumor growth rate (Fig.4P-Q). Moreover, compound C decreased overall survival when 
compared to LLC mice treated with vehicle (Fig.4R). Altogether, these data indicates 
that there is a hypothalamic-based system that controls inflammatory levels. This 
system has hypothalamic AMPK as a crucial molecule that not only senses the systemic 
inflammatory levels but also integrate a response that contributes to potentiate systemic 
inflammation. 
 
Cholinergic system modulates the tumor-induced anorexia and tumor growth 
Several studies indicated that the activation of cholinergic system in sepse and 
cancer models attenuated inflammation [Borovikova et al. 2000a; Borovikova et al. 
2000b; de Jonge et al. 2005]. In a corollary to these studies, we sought to investigate if 
this neural circuit was also implicated in the modulation of the hypothalamic-mediated 
systemic inflammation during cancer-induced anorexia. Thus, we i.c.v. treated with 
 46 
 
AICAR (a pharmacological activator of the AMPK) associated two cholinergic 
inhibitors (hexamethonium and atropine) or a cholinergic selective agonist (GTS-21) 
LLC tumor bearing mice in the days surrounding the onset of anorexia. We observed 
that both AICAR and GTS-21 were able to attenuate the anorexia-cachexia syndrome, 
energy expenditure and tumor growth (Fig.5A-D). In opposite, cholinergic inhibitors 
(hexamethonium and atropine) treatment abolished the benefic effects of AICAR 
(Fig.5A-D) on food intake, body weight as well as adipose tissue fat pad and muscle 
weight. Consistent with these findings, the attenuated AICAR-induced energy 
expenditure and tumor growth was abrogated when the AICAR was associated with 
hexamethonium and atropine (Fig.E,F,H). Moreover, no alteration was observed in 
spontaneous activity between the groups, except when was compared the light with dark 
cycle in the same group (Fig.5G). In breast cancer metastasis model, was found that the 
activation of vagus nerve with semapimod (4mg/kg of b.w.) was able to induce to anti-
inflammatory effects as well as reduce tumor weight, metastases and cell growth [Erin 
et al. 2012]. Likewise, the use of nicotine, an activator of cholinergic system, also 
inhibited the intestinal manipulation-induced inflammation; however, these effects were 
abolished by hexamethonium and d-tubocurarine, nonselective antagonists of α7AChR 
[de Jonge et al. 2005]. Therefore, these data suggest that the route that hypothalamic 
AMPK affects cancer-induced cachexia are via cholinergic system.  
 
Splenectomy and vagotomy reverts cancer-induced anorexia 
The spleen is known as an important lymphoid organ due to role on immune 
function and inflammation [Olofsson et al. 2012]. Interestingly, it was recently 
described that the hypothalamic activity during obesity and depression converges on the 
spleen to modulate inflammation [Gotoh et al. 2012]. Thus, to dissect the involvement 
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of CNS- and spleen-derived inflammation on cancer anorexia, initially we checked in 
two cancer models that spleen weight was increased by approximately 60% in cachectic 
rodents (Fig.6A). Next, we sought to investigate whether the total splenectomy and 
spleen-driven vagotomy could modulate cancer-induced anorexia. In order to 
accomplish this task, Walker-256 cancer cells were injected into rats and in same day 
that it was performed splenectomy or vagotomy. Importantly, we observed that both 
splenectomy and vagotomy attenuated cancer-mediated anorexia (Fig.6B) as well as 
increased mRNA expression of orexigenic neuropeptide (NPY) (Fig.6C) in the 
vagotomy group we also observed a decreased mRNA expression of anorexigenic 
neuropeptides (CART and POMC) (Fig.6D-E). Furthermore, it was observed an 
attenuation of body weight and fat loss in the groups that was submitted to splenectomy 
or vagotomy (Fig.6F,H); however, we observed a protection against cancer-induced 
muscle sarcopenia only in Walker-256 rats with splenectomy (Fig.6G). These data also 
were accompanied by reduction in oxygen consumption in the Walker-256 with 
splenectomy when compared to Walker-256 plus sham (Fig.6I). Although, without 
changes in tumor weight among groups (Fig.6J), the overall survival was increased in 
rats bearing Walker-256 with splenectomy compared to sham (Fig.6K). 
 
Electroacupuncture reduces the compound C- and tumor-induced anorexia in rodents 
Several studied have reported that electrical or pharmacological vagus nerve 
stimulation attenuates the inflammatory profile in sepse and shock [Borovikova et al. 
2000b; de Jonge et al. 2005; Huston et al. 2007; Matteoli et al. 2014; Munyaka et al. 
2014; Oke and Tracey 2008; Rosas-Ballina et al. 2008], this is beneficial mechanism 
occurs by activation of α7nAChR system, which is named “cholinergic anti-
inflammatory pathway”. Moreover, more recently it was observed that 
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electroacunpuncture at the sciatic nerve induces systemic anti-inflammatory signals that 
attenuates sepse [Torres-Rosas et al. 2014]. Therefore, based on these findings, we 
postulated the hypothesis that in anorexia models, the acupuncture with electrical 
stimulation could be useful to improve the tumor-mediated energy homeostasis. Thus, 
we used a model proposed by De Jonge et al. [de Jonge et al. 2005] and Boronikova et 
al. [Borovikova et al. 2000b] with voltage stimuli adapted (5Hz at 10V for 5 min) 
(Fig.7A,F). We observed an improvement of food intake, body weight loss, diminished 
red-like color in the BAT and attenuated serum IL6 expression in the compound C plus 
electrical stimulation group when compared with compound C group (Fig.7B-E). When 
performed the electroacupuncture in cachectic cancer rat model (Fig.7F), also was 
verified an improvement of cancer-mediated anorexia (Fig.7G) which was accompanied 
by attenuated body weight and fat loss (Fig.7H-J). Although, tumor weight was partially 
reduced (p=0.053), no statistical difference was found in spleen weight (Fig.7J-K). 
Likewise, experimentally was found that electroacupuncture reduces postoperative 
immunosuppression (inflammation and apoptosis of splenic lymphocytes) in rats 
submitted in surgical trauma [Wang et al. 2015]. 
In summary, we have demonstrated that hypothalamic AMPK plays an 
important function in the pathogenesis of cancer-related anorexia. Furthermore, our data 
anatomically localize inflammatory routes, which directly implicate in modulation of 
anorexia, energy expenditure, inflammation and tumor growth. Furthermore, isoform α1 
from AMPK has a crucial role in induction of neurons and spleen-induced 
inflammation. Moreover, whether the central AMPK activation or cholinergic agonist 
were combined an attenuation of tumor-induced inflammation and anorexia can be 
ameliorated or restored. Although many questions remain, these data provide novel 
mechanistic and CNS-spleen axis insights to inflammation control and identify the 
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highly pharmacologically accessible AMPK/cholinergic signaling pathway as a central 
determinant in cancer-related pathology (Graphical Abstract). 
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Figures 
 
Figure 1. Ventromedial-specific inhibition of AMPKα1 modulates energy 
homeostasis.  Adenoviral constructs encoding GFP or AMPKα1-DN were 
stereotactically injected directly into the ventromedial nucleus of control Sprague-
Dawley animals or cerebrospinal fluid were stereotactically injected directly into the 
third ventricle of control C57BL6J mice. (A-B) Daily food intake and total body 
weights in rats treated with adenoviral particles AMPKα1-DN (C) Difference lean mass 
from pre-injection baseline in rats treated with adenoviral particles AMPKα1-DN (D-E) 
Daily food intake and total body weights in rats treated with adenoviral particles 
AMPKα2-DN (F) Difference lean mass from pre-injection baseline in rats treated with 
adenoviral particles AMPKα2-DN (G) Infrared images with quantification of the skin 
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overlying the interscapular BAT depots (H) Body temperature of mice treated with 
vehicle or single compound C injection (I) Immunoblot of UCP-1 expression in BAT 
lysates after vehicle or compound C infusion (J-L) Oxygen consumption, carbon 
dioxide production, and respiratory exchange ratio (RER) measured in control rats 
which received vehicle or compound C. n= 5-18 per experimental group. * p < 0.05 vs. 
vehicle or GFP group. 
 
 
Figure 2. Inhibition of hypothalamic AMPK leads to inflammation in control 
rodents. Adenoviral constructs encoding GFP or AMPKα1/α2-DN were stereotactically 
injected directly into the ventromedial nucleus of control Sprague-Dawley rats or 
compound C (10µg) were stereotactically injected directly into the third ventricle of 
control C57BL6J mice (A) Immunoblot analyses from VMH and spleen, respectively, 
in rats treated with adenoviral particles AMPKα1-DN (B) Immunoblot analyses from 
VMH and spleen, respectively, in rats treated with adenoviral particles AMPKα2-DN. 
n= 6-7 per experimental group. 
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Figure 3. VMH-specific AMPK inhibition induces both neuronal and systemic 
inflammation in rodents. Adenoviral constructs encoding GFP or isoforms of AMPK-
DN were stereotactically injected directly into the ventromedial nucleus of control 
Sprague-Dawley animals or compound C (10µg) was stereotactically injected directly 
into the third ventricle of control C57BL6J mice and Wistar rats. (A-B) Confocal 
immunofluorescence microscopy images of the third ventricle (3V), VMH, and ARC 
from control animals treated with adenoviral particles. Sections were stained with DAPI 
(blue), either anti-NeuN or anti-GFAP (green) and anti-p-IKK (red) (C-D) Serum 
cytokine levels from jugular and arterial vein in rodents treated either vehicle, 
compound C. n=4 for immunofluorescence experiments and n=6-8 rodents for cancer- 
vehicle- compound C-related experiments.  * p < 0.05 vs. treated with vehicle. 
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Figure 4. Modulation of hypothalamic AMPK simultaneously regulates energy 
homeostasis and tumor growth rate in cancer-induced anorexia models. 
(A-B) Serum cytokine levels from jugular and arterial vein in rodents treated either 
vehicle, compound C or cancer cells injected (Walker-256 or LLC). (C) Cumulative 
food intake after CSF injection that was harvested from normal mice or mice with LLC 
tumor-induced cachexia (D) Immunoblot analyses of whole hypothalamic lysates (E) 
Anatomic diagram showing the VMH-specific infusion route of the Salicylate (F) 
Immunohistochemistry of pAMPK in Wistar rats VMH-specifically treated either 
vehicle or salicylate (G) Cumulative food intake in LLC tumor cell-injected C57BL6/J 
mice treated with AICAR (10µg per day through mini-pump) or salicylate (250 mg per 
day via i.p.) (H) Difference of body mass of mice sacrificed 4 days after the onset of 
anorexia (I) Tumor growth curve (J) Epididymal adipose pad weight in LLC tumor cell-
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injected C57BL6/J mice that received adenovirus encoding GFP or AMPKα1-CA 
stereotactically injected directly into the ventromedial nucleus of mice (K) Muscle 
weight in control and LLC tumor mice treated with GFP or AMPKα1-CA (L) Infrared 
images showing the temperature interscapular BAT depots (M) Tumor growth curve 
(N) Tumor weight (O) Representation graphic of mini-pump utilized in experiments that 
was administrated vehicle or compound C (10µg per day for 15 consecutive days) (P-R) 
Tumor weight, growth and overall survival during both treatments whether vehicle or 
compound C. n=3 for immunofluorescence experiments, n=3-4 for transfer CSF, and 
n=8-19 rodents for cancer- vehicle- compound C-related experiments. * p < 0.05 vs. 
baseline/control/vehicle/GFP, # p < 0.05 vs. CTL+AMPK-CA, $ p < 0.05 vs. 
LLC+GFP, Ɨ p < 0.05 vs. LLC+vehicle. 
 
 
Figure 5. Tumor-induced inflammation is mediated by cholinergic system. (A) 
Cumulative food intake for LLC tumor cell-injected C57BL6/J mice in the days 
surrounding the onset of anorexia, which were treated with the pharmacological 
activator of the AMPK plus two cholinergic inhibitors, hexamethonium and atropine or 
a cholinergic selective agonist (GTS-21) (B) Difference of body weight of mice 
sacrificed 4 days after the onset of anorexia (C) Epididymal and retroperitoneal adipose 
pad weight in control and LLC tumor mice plus pharmacological treatments (D) Muscle 
weight in control and LLC tumor mice plus pharmacological treatments (E-F) Oxygen 
consumption and carbon dioxide production measured in control mice which received 
vehicle, AICAR or cholinergic activators/inhibitors (G) Spontaneous locomotor activity 
(H) Tumor growth curve. n= 4-7 per experimental group * p < 0.05 vs. light cycle or 
statistical difference represented in graphics. 
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Figure 6. Splenectomy and vagotomy attenuates tumor-induced anorexia. (A) 
Spleen weight in two cancer models, Walker-256 tumor rats and Lewis lung carcinoma 
mice (B) Cumulative food intake in mice control and Walker-256 plus sham or Walker-
256 plus splenectomy or vagotomy (C-E) mRNA expression of NPY, CART and 
POMC neuropeptides (F-G) Difference of body and muscle weight (H) Body fat mass 
evaluated by DEXA in initial and final of experiments (I) Oxygen consumption (J) 
Tumor weight (K) Overall survival). n= 4-9 per experimental group * p < 0.05 vs. 
control rodents and # p < 0.05 vs. Walker-256 cachectic rats. 
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Figure 7. Electroacupunture reduces the compound C- and tumor-induced 
anorexia in rodents. (A) Schematic representation of electrical stimulation in 
C57BL6/J mice (B) Cumulative food intake of mice treated with vehicle, compound C 
or compound C plus electrical stimulation (C) Difference of body weight (D) 
Macroscopic picture of BAT (E) Serum TNF and IL6 levels (F) Picture of 
representation schematic of electrical stimulation in Wistar rats (G) Cumulative food 
intake of rats treated with vehicle, Walker-256 plus needles or Walker-256 plus 
electrical stimulation (H) Difference of body mass (I) Body fat mass evaluated by 
DEXA (J) Spleen weight (K) Tumor weight. n= 4-7 per experimental group * p < 0.05 
vs. control rodents/initial moment. 
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Graphical abstract. Hypothalamic AMPK inhibition or cancer-induced anorexia 
models drives an inflammatory stimulus through a cholinergic neural circuit to spleen, 
which promotes inflammation, anorexia and tumor growth. Interestingly, this system in 
works in vicious cycle manner, by which the increased systemic inflammation inhibits 
hypothalamic AMPK signaling.  
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Supplementary files 
 
Figure S1. Arcuate nucleus-specific inhibition of AMPKα1/α2 did not affect the 
energy homeostasis and inflammation. Adenoviral constructs encoding GFP or 
AMPKα1/α2-DN were stereotactically injected directly into the arcuate nucleus of 
control Sprague-Dawley rats. (A-B) Daily total body weights (C) Epididymal adipose 
pad weight (D) Spleen weight (E) Immunoblot analyses from ARC and spleen, 
respectively. n= 7-9 per experimental group. 
 
Figure S2. Compound C inhibits hypothalamic AMPK inducing to negative energy 
balance and increase of inflammation in mice. (A) Cumulative food intake in mice 
treated with vehicle or compound C (10µg) delivered into third ventricle by 3 
consecutive days (B) Difference of body weight between initial and final moment (C-D) 
Lean and fat mass evaluated by DEXA (E) Serum cytokine levels-TNF, IL6 and IL10 
(F) Immunoblot of AMPK and ACC phosphorylation in whole hypothalamus lysates 
after vehicle or compound C infusion. n= 6-9 per experimental group * p < 0.05 vs. 
vehicle/initial moment. 
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Figure S3. VMH-specific AMPK induces neuronal inflammation in rats. Vehicle or 
compound C was stereotactically injected directly into the VMH of control Wistar rats. 
(A) Localization of vehicle or compound C injection into VMH (B-C) Confocal 
immunofluorescence microscopy images of the third ventricle (3V), VMH, and ARC 
from control animals treated with vehicle or compound C. Sections were stained with 
DAPI (blue), either anti-NeuN or anti-GFAP (green) and anti-p-IKK (red) in 20x (D) 
Confocal immunofluorescence microscopy images of the third ventricle (3V), VMH, 
and ARC from control animals treated with vehicle or compound C. Sections were 
stained with DAPI (blue), either anti-NeuN or anti-GFAP (green) and anti-p-IKK (red) 
in 160x. n= 3 rats per group. 
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Highlights 
- Hypothalamic AMPK inhibition promotes negative energy balance 
- Hypothalamic AMPK inhibition switch from white to brown fat  
- Central AMPK activation attenuates browning and cancer-induced cachexia 
- The VMH AMPK-SNS-BAT-WAT axis mediates the cancer cachexia 
 
Abstract 
Cachexia is a hallmark of cancer characterized by systemic inflammation, diminished 
body weight, musle wasting, frailty and atrophy of adipose tissue. Advanced stage 
cancer patients often have higher energy expenditure than healthy subjects. 
Mechanistically, the β3 adrenergic system activation was implicated in the 
pathophysiology of cancer-associated cachexia suggesting that the central nervous 
system may have a role in promoting increased energy expenditure. Although, 
ventromedial (VMH)-specific hypothalamic AMPK inhibition promotes catabolism and 
cancer mediated cachexia increases browning of white adipose tissue (WAT), the role 
of hypothalamic AMPK on cancer cachexia is unknown. Therefore, using two cancer 
models (cachectic Lewis lung cancer-LLC mice and cachectic Walker-26 rat) and 
genetic approaches, we showed that VMH-specific AMPK has an important role in the 
switch from WAT to beige-like fat (browning phenomenon). This phenomenon of WAT 
browning leaded to increased energy expenditure and heat production contributing to 
WAT atrophy and cancer cachexia. Our results show that VMH-specific AMPKα1 
activation as well as β3-adrenergic system antagonist reversed body weight loss, WAT 
atrophy and cachexia in cachectic LLC cancer model and AMPKα1-dominat negative-
induced WAT browning. In aggregate these findings describe a new neural circuit that 
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links the hypothalamic AMPK to browning of WAT and, therefore, may hold promise 
as prevention for cancer-mediated cachexia states. 
Key-words: Cancer, Cachexia, AMPK, Hypothalamus, Browning. 
 
Introduction 
Cancer cachexia is a syndrome characterized by systemic inflammation, 
diminished body weight, musle wasting, frailty and atrophy of adipose tissue. 
Moreover, the majority of patients with advanced cancer develop cachexia (Fearon et 
al., 2012; Tisdale, 2002, 2009). In clinical practice, unless tumor growth is controlled 
the negative energy balance observed in patients with cancer cannot be 
pharmacologically reverted (Ovesen et al., 1993). Considering that the cachexia is a 
hallmark of cancer and due to difficulty of disclosing an effective therapy for it many 
subjects turn weakly and malnourished (Fearon et al., 2012; Tisdale, 2002, 2009), 
accordingly cachexia is responsible for approximately 20% of overall deaths in cancer 
patients (Fearon et al., 2013). 
Although numerous factors have been highlighted as mediators of cachexia, 
such as pro-inflammatory cytokines and hormones (Kir et al., 2014; Laviano et al., 
2003; Petruzzelli et al., 2014), in the last decades some studies, both in animals and 
humans, reported that activation of thermogenesis in brown adipose tissue (BAT) 
during cachexia development (Bianchi et al., 1989; Brooks et al., 1981; Kir et al., 2014; 
Petruzzelli et al., 2014; Shellock et al., 1986; Tsoli et al., 2012). Recently, in a process 
recognized as WAT browning (Nedergaard and Cannon, 2014), in which brown 
adipocytes are overexpressed in white adipose tissue (WAT) depots (Contreras et al., 
2014b; Dodd et al., 2015; Fang et al., 2015; Kir et al., 2014; Young et al., 1984) was 
associated with cancer-induced cachexia (Petruzzelli et al., 2014). 
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Several factors have been associated with browning including β-adrenergic 
stimulation, which is a crucial phenomenon in cold exposure-induced WAT browning 
(Cao et al., 2011). Moreover, β-3 adrenergic receptor agonist treatment leads to WAT 
browning in humans (Cypess et al., 2015), suggesting an essential role of this system in 
mediating energy expenditure, heat production and WAT atrophy. Interestingly, β-
adrenergic system activation was recently associated with cancer-associated cachexia 
(Das et al., 2011). Because these findings and that cancer-mediated cachexia has been 
associated with deregulation of the expression of neuronal signals and neuropeptides 
(Laviano et al., 2003; Laviano et al., 1995; Ropelle et al., 2007), there is an increasing 
interest in understanding how the central nervous system regulates cancer-mediated 
cachexia (Petruzzelli et al., 2014). 
Recent studies from our group have indicated that the ventromedial (VMH)-
specific hypothalamic AMPK inhibition induces negative energy balance as well as 
body weight loss in a food intake independent manner (Lopez et al., 2010; Martinez de 
Morentin et al., 2014). Moreover, the hypothalamic AMPK activation increases overall 
survival in rats bearing cancer (Ropelle et al., 2007). Together, these findings suggest 
that the hypothalamus is a good candidate to be an important central nervous system 
(CNS) relay in the regulation of WAT browning of cancer-associated cachexia. 
Therefore, using genetic approaches we sought to evaluate whether the hypothalamus is 
involved in WAT browning control in cancer-mediated cachexia states. 
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Methods 
 
Animals 
Male Wistar and Sprague-Dawley (250-300 g) rats and C57BL6/J (25-28 g) 
mice from CEMIB at UNICAMP (Project ID 2425-1), Campinas, Brazil or Animalario 
General USC (Project ID PI12/01814), Santiago de Compostela, Spain, were used for 
the experiments. This study was approved by the ethics committee and followed the 
university guidelines for the use of animals in experimental studies and experiments 
conform to the Guide for the Care and Use of Laboratory Animals (NIH publication no. 
85-23, 1996).  
The animals were maintained in 12h:12h artificial light-dark cycles, with lights 
on at 07:00 a.m., and were housed in 5 animals by cages. All animals were fed ad 
libitum during all experiment with standard rodent chow (Nuvilab®). The number of 
animals used in each experiment is specified in the legend figure. 
Sprague-Dawley rats were utilized to experiments with dominant negative 
particles and C57BL6/J to LLC mice and/or treated with constitutively active adenoviral 
particle. 
 
Cell Culture 
Lewis lung carcinoma (LLC) was obtained from ATCC, Philadelphia, PA, USA 
and the Walker-256 tumor cell line (originally obtained from the Christ Hospital Line, 
National Cancer Institute Bank, Cambridge, UK). Cells were cultured in RPMI 
containing 10% fetal bovine serum and glutamine without addition of antibiotics or 
fungicides; they were maintained at 37°C, 5% CO2. 
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LLC cells were cultured at 37°C with 5% CO2 in RPMI, supplemented with 
10% heat-inactivated fetal bovine serum (FBS) and injected in C57BL6/J mice. Walker-
256 tumor cell line was obtained from the Christ Hospital Line, National Cancer 
Institute Bank (Cambridge, UK). Walker-256 tumor cells were obtained from the ascitic 
fluid of the peritoneal cavity of Wistar rats, 5-8 days after intraperitoneal injection of 20 
x 10
6
 cells. After cell harvesting, viability was determined by using 1% Trypan blue 
solution in a Neubauer chamber.  
 
Tumor Models and Definition of Cancer-Associated Anorexia 
For Wistar and Sprague-Dawley rat experiments, 2 x 10
6
 Walker-256 tumor 
cells were injected into the subcutis of the right flank of 8-10 week-old male. For 
C57BL6/J mouse experiments, 10
6
 LLC tumor cells were injected into the subcutis of 
the flank of 8-10 week-old male. 
Each animal’s individual baseline 24-h food intake was defined as the average 
daily food intake over a period of 3 consecutive days. Subsequent food intake data are 
expressed as individual percentages and baseline daily food intake. In tumor-bearing 
rodents, cancer-mediated anorexia was defined as a single value of less than 75% of 
baseline occurring after a steady decline of at least 3 days duration, as previously 
described (Wisse et al., 2001). Rodents were sacrificed for browning analysis four days 
after the onset of anorexia. 
 
Stereotactic Brain Cannulation 
Rodents were placed in a stereotactic frame (David Kopf Instruments, Tujunga, 
CA) under ketamine (100 mg/kg i.p.)/xylazine (10 mg/kg i.p.) anesthesia. Sprague-
Dawley rat VMH (anterior-posterior [AP] ± 2.3 mm, medial-lateral [ML] ± 0.6 mm 
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from Bregma and dorsal-ventral [DV] −10.2 mm from the brain surface), C57BL6/J 
mouse VMH (anterior-posterior [AP] −1.5 mm, medial-lateral [ML] ± 0.3 and dorsal-
ventral [DV] −5.5 mm from the brain surface), and Wistar rat third ventricle (anterior-
posterior [AP] −0.5 mm and dorsal-ventral [DV] −8.5 mm from the brain surface) were 
targeted using a 1 or 5 μL syringe (Hamilton, Reno, NV) as previously described 
(Martínez de Morentin, 2014).   
 
Cerebrospinal Fluid Collection 
CSF from control and tumor-bearing Walker-256 rats was obtained by the 
introduction of a needle into the cisterna magna through the skin and dura mater using a 
stereotactic micromanipulator (Silva et al., 2014). Immediately after the CSF removal, 2 
µL were injected by three consecutive days into third ventricle of control. Rats received 
ICV injection of CSF every day at 5:00 p.m. and food intake was evaluated during 24-h 
after completed 3 consecutive days of treatment, serum was removed for serum 
triacylglycerol concentrations determination and eWAT and scWAT for UCP1 
expression staining.  
 
Intraventomedial hypothalamus injection of AMPK Adenoviral Expression Vectors 
Adenoviral vectors (encoding green fluorescent protein [GFP] (used as 
control), AMPKα1-CA (constitutively active) or AMPKα1-DN (dominant negative), 
AMPKα2-DN (dominant negative) and AMPKα1/α2-DN (dominant negative); 
Viraquest, North Liberty) were delivered at a rate of 200 nL/min for 4 min (1 
μL/injection site) as previously reported (Contreras et al., 2014a; Lopez et al., 2008; 
Lopez et al., 2010; Martinez de Morentin et al., 2014). Rodents were treated for 6-8 
days. 
 71 
 
Energy Expenditure and Voluntary Locomotor Activity Determination 
Metabolic rates were quantified by indirect calorimetry obtaining the oxygen 
consumption and CO2 production through an open circuit calorimetery system (LE405 
Gas Analyzer, Panlab – Harvard Apparatus, Holliston, MA, USA) in ad libitum fed 
rodents as previously described (Silva et al., 2014). 
LLC C57BL6/J mice who received VMH-GFP and/or AMPK-CA had oxygen 
consumption evaluation performed by calorimetric system (LabMaster, TSE Systems, 
Bad Homburg, Germany) as previously described (Lopez et al., 2010; Martinez de 
Morentin et al., 2014; Martinez de Morentin et al., 2012).  
The voluntary locomotor activity was evaluated over a 24-hr period using a 
computer-controlled detection system (LE405 Gas Analyzer, Panlab – Harvard 
Apparatus, Holliston, MA, USA). 
 
Nuclear Magnetic Resonance Imaging (MRI) Analysis 
Body fat mass was measured by nuclear magnetic resonance imaging (MRI) 
(Whole Body Composition Analyzer; EchoMRI, Houston, TX) as previously described 
(Contreras et al., 2014a; Martinez de Morentin et al., 2014; Martinez de Morentin et al., 
2012). 
 
Adipose Tissue Morphological Analysis 
BAT, eWAT and scWAT were removed, flushed with phosphate-buffered 
saline (PBS), fixed in 4% paraformaldehyde overnight. After fixation, tissues were 
paraffin-embedded and sections (5 µm) were cut. The methods for staining was to 
remove paraffin in xylol, hydratation with alcohol, washing with H2O distilled, incubate 
in hematoxylin for 5 min, washing with H2O distilled, incubate in alcoholic eosin for 1 
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min, undergo dehydration and finishing the lamina. All pictures from BAT, eWAT and 
scWAT were obtained in 50 µm scale bar. 
 
Temperature Analysis 
Skin temperature surrounding BAT was recorded with an infrared camera 
(E60bx: Compact-Infrared-Thermal-Imaging-Camera; FLIR, West Malling, Kent, UK) 
and analyzed with a specific software package (FLIR-Tools-Software; FLIR). In this 
experiment were used 6-12 rodents per group, and for each animal, three-five pictures 
were taken for temperature determination as described previously (Contreras et al., 
2014a; Martinez de Morentin et al., 2014; Martinez de Morentin et al., 2012; Whittle et 
al., 2012). 
Body temperature was recorded at end of the treatment (GFP, AMPKα1-DN 
and AMPKα1-DN plus SR59230A groups) with a rectal probe connected to digital 
thermometer (BAT-12 Microprobe-Thermometer; Physitemp; NJ, USA). 
 
Real-time quantitative PCR 
Total RNA was extracted from eWAT and scWAT harvest from rodents using 
Trizol. DNA levels were determined by NanoDrop-ND1000 (Thermo Scientific). 
cDNAs were generated and real-time PCR (Taq-Man; Applied Biosystems, Life 
Technologies) were used to quantify mRNA expression of several browning-related 
genes as previously described (Lopez et al., 2010; Martinez de Morentin et al., 2012; 
Martínez de Morentin, 2014) using the following sets of primers and probes (GenBank 
accession number is inside brackets after gene’s name) reported in Table 1. Values were 
expressed relative to hypoxanthine guanine phosphoribosyl transferase (HPRT) levels. 
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Dissection of the Hypothalamic Nuclei 
Wistar and Sprague-Dawley rats and C57BL6/J were sacrificed by 
decapitation, and hypothalamic nuclei were quickly dissected from 1 mm thick sagittal 
sections of fresh brain in a stainless steel matrix and frozen in liquid nitrogen as 
described previously (Martinez de Morentin et al., 2012; Martínez de Morentin, 2014; 
Whittle et al., 2012). 
 
Hypothalamic, BAT and WAT Tissue Lysates and Western Blot Analysis 
Specific hypothalamic nuclei or epididymal and subcutaneous WAT, and BAT 
tissues were lysed in freshly prepared ice-cold buffer (1% Triton X-100, 100 mmol/l 
Tris, pH 7.4, 100 mmol/l sodium pyrophosphate, 100 mmol/l sodium fluoride, 10 
mmol/l EDTA, 10 mmol/l sodium vanadate, 2 mmol/l phenyl methylsulphonyl fluoride, 
and 0.1 mg aprotinin). Western blotting was performed as described previously 
(Carvalheira et al., 2003; Martínez de Morentin, 2014; Pimentel et al., 2012) using the 
following antibodies: anti-phospho-AMPK Thr 172 (Cell Signaling, #2535), anti-
phospho-ACC Ser 79 (Cell Signaling, #3661),, anti-AMPKα1 (Abcam, ab3759), anti-β-
actin (Cell Signaling, #4857S), anti-α tubulin (Cell Signaling, #2144S), and anti-UCP-1 
(Santa Cruz Biotechnology, sc6529). Blots were exposed to preflashed Fujifilm® film. 
For each individual experiment, all directly compared samples were run in the same gel.  
 
Immunohistochemistry and Immunofluorescence Staining and Confocal Microscopy 
5µm sections of paraformaldehyde-fixed epididymal and subcutaneous WAT 
of at least four rats or mouse per group were subjected to regular single- or double-
immunofluorescence staining using DAPI and anti-UCP-1. To minimize variability, 
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randomized sections from control and experimental rodents were processed 
simultaneously for each procedure. 
Imagens and photodocumentation of data were obtained using a Zeiss LSM 
510 laser confocal microscope (Zeiss, Jena, Germany) at magnifications (x20).   
 
Statistical analysis 
Data are presented as the mean ± SEM. mRNA data were expressed in relation 
(%) to control (GFP-treated) rats or mice. Error bars represent SEM. Immunoblots 
shown are representative of at least two independent experiments. Difference statistical 
between two was determined by Student’s t test and multiple comparisons or more than 
two groups were established using ANOVA with post hoc two-tailed Bonferroni test or 
Tukey, as appropriate. For all statistical analyses, significance was accepted when p < 
0.05 was obtained. 
 
Results and Discussion 
VMH-specific AMPKα1 deletion decreases fat mass and induces WAT browning  
In our study previous, it was verified that hypothalamic AMPK inhibition leads 
to negative energy balance and activates the thermogenesis (Lopez et al., 2010; 
Martinez de Morentin et al., 2014). Thus, firstly we sought to verify what is AMPK 
isoform that could be associated with thermogenesis. Using dominant negative VMH-
specifically injected (see injection route enclosed precisely in the VMH – Fig.S1A-B) 
we found that in contrast to AMPKα2-DN treatment, AMPKα1-DN injection as well as 
the simultaneous administration of both isoforms α1/α2-DN induced a reduction in fat 
mass, in food intake independent manner (Fig.1A-C). Accordingly, the AMPKα1-DN 
group presented higher skin temperature surrounding BAT when compared to others 
 75 
 
treatments (Fig.1D-E). In order to verify whether inhibiting hypothalamic AMPK could 
be associated with browning, morphological analysis, immunohistochemistry and 
Western Blotting were performed. Our results show that α1 isoform of AMPK reduces 
the hyperplasia and hypertrophy of WAT, mainly subcutaneous (Fig.1F). Consistent 
with a crucial role of AMPKα1 induced UCP1 protein expression in the scWAT, but not 
in eWAT as measured by Western blotting (Fig.1G-H) or immunohistochemistry 
(Fig.1I). To gain further insight about the effect of hypothalamic AMP on browning, we 
evaluated the mRNA expression of thermogenesis markers. Our data show increased 
PCG-1α, Prdm16 and ELOVL3 in the AMPKα1-DN group (Fig.1J) and except 
ELOVL3 and Cidea, which was reduced, the Prdm16 was increased when α1/α2-DN 
was combined (Fig.1L), no alteration was verified in the AMPKα2-DN group (Fig.1K). 
Similar effects were found in the eWAT for AMPKα1-DN group (Fig.S2A-C). 
Reduction of VMH-specific AMPK signaling and browning of WAT is linked to cancer-
associated cachexia 
To assess the role of hypothalamic AMPK on WAT browning, we worked with 
murine xenograft models. After 2-3 weeks of injection of LLC cells, mice had 
attenuated whole hypothalamus AMPK phosphorylation in Thr 172 and ACC in Ser 79 
(Fig2A), these findings were mainly dependent on VMH, since LLC mice presented 
reduced AMPK phosphorylation and protein expression of AMPKα1 mostly in this 
nucleus (Fig.2B). As expected, similar results were observed in Walker-256 cachectic 
cancer rat model (Fig.S3A). These effects were paralleled by a reduction in food intake, 
body weight and an accentuated loose of both eWAT and scWAT depots (Fig.2C-E) in 
both LLC mice and Cachectic Walker-256 rat (Fig.S3B). Remarkably, the anorexia and 
cachexia presence in LLC mice and Walker-256 models had been reported by our and 
others groups (Kir et al., 2014; Petruzzelli et al., 2014; Ropelle et al., 2007; Silva et al., 
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2014; Wisse et al., 2001). Consistent with these data, western blotting and macroscopic 
images analysis shown increased protein levels of UCP1 with small size and redness in 
the BAT of both cachexia models (Fig.2F-G and Fig.S3E). Cachectic LLC mice had 
increased UCP1 staining in BAT when compared to control mice (Fig.S3F). Congruent 
with increased energy expenditure in this cancer model, the spontaneous activity level 
of LLC mice was reduced when compared to control mice (Fig.2H-K and Fig.S3G). 
Accordingly, there was an increased preference to protein and lipid metabolism in 
cachectic animals when compared to their control (Fig.2J and Fig.S3G). 
 Next, we investigated the WAT morphology and UCP1 staining in these 
models. The histological analysis show small adipocytes, big nuclei and multilocular 
cytoplasm in LLC bearing mice; these findings are compatible with the presence of 
eWAT and scWAT atrophy, furthermore we found a marked positive UCP1 staining in 
the adipose tissue  (Fig.2L-N for Cachectic LLC mice and Fig.S3H-M for Cachectic 
Walker-256 rat). Therefore, these findings indicate that the hypothalamus has an 
important role in the control of energy balance and browning maintenance in cancer-
associated cachexia. 
 
Soluble factor within of CSF induces to cachectic Walker-256-cell-derived WAT 
browning  
Because the cerebrospinal fluid (CSF) is a mediator of anorexia (Cangiano et 
al., 1990; Laviano et al., 1995; Opara et al., 1995), we sought evaluate if CSF from 
cachectic Walker-256 rats could induce WAT browning. We, therefore, performed 
UCP1 immunofluorescence staining and observed increased positive cells in both 
eWAT and scWAT, as expected UCP1 staining was more evident in scWAT than 
eWAT (Fig.S4B-C). These data determine that CSF from cachectic rat induces a 
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functional switch from WAT to brown-like adipose tissue even in the absence of weight 
loss (data not shown), in a similar fashion to the observed browning in anorexia, cold 
exposure or β-adrenergic stimulation. These results suggest that a soluble factor present 
in cachectic mice promote browning. 
  
Cancer-associated cachexia promotes lipolysis and increases lipids mobilization  
Several studies have shown that lipolysis is the main mechanism associated 
with adipose tissue atrophy during WAT browning (Fang et al., 2015; Kir et al., 2014; 
Petruzzelli et al., 2014). Therefore, we performed western blotting for the of the 
hormone sensitive lipase (HSL) in eWAT (Fig.S3C). Our results shows found increased 
levels of Serine 660 phosphorylation of HSL in cachectic Walker-256 rats. Accordingly, 
there were increased serum triacylglycerols levels in cachectic rats (Fig.S3D). In a 
similar manner, rats that received CSF from cachectic Walker-256 rats also presented 
higher serum triacylglycerol concentrations (Fig.S4A). 
 
Genetic hypothalamic AMPK activation ameliorates cancer-mediated cachexia by 
blunting the switch from white to brown-like fat phenotype 
Regarding to scientific relevance of AMPK on the regulation of catabolism and 
energy metabolism (Hardie, 2014; Hardie and Pan, 2002; O'Neill and Hardie, 2013), 
some studies have reported more disseminated effects, such as the loss of α1 isoform of 
the AMPK leads to lymphomagenesis (Faubert et al., 2013) and impairs the muscle 
regeneration (Mounier et al., 2013). Thus, to dissect the specific contribution of the 
effect of cachexia on hypothalamic AMPKα1 and its impact on tumor-induced adipose 
tissue browning, we VMH-specifically AMPKα1 overexpressed using genetic 
approaches (Fig.S5A-B). Through the administration of adenoviral particles expressing 
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constitutively active AMPKα1 in cachectic mice bearing LLC, we identified an 
attenuated cumulative food intake when adjusted by body weight (Fig.3B), but not the 
cumulative absolute food intake (Fig.3A). Besides, these mice presented a protection 
against body weight and fat mass loss (Fig.3C-D), as well as eWAT and mesenteric 
WAT depots (Fig.S6A). 
To further investigate the negative energy balance from cachectic mice on 
energy expenditure, we submitted these animals to indirect calorimetry the 
determination of oxygen consumption. We observed reduced energy expenditure in 
cachectic LLC mice that received AMPKα1-CA (Fig.3E), as well as reduced skin 
temperature surrounding BAT, interestingly mice treated with AMPKα1-CA presented 
similar temperature to control (Fig.3F-G). 
The VMH is a key nucleus in modulation of energy balance (Beiroa et al., 
2014; Chiappini et al., 2014; Kim et al., 2012; Lopez et al., 2010; Martinez de Morentin 
et al., 2014). Therefore, in order to further evaluate whether VMH-specific AMPKα1 
overexpression is responsible for tumor-induced browning of adipose tissue, we 
addressed the morphological adipose tissues analysis and UCP1 staining.  We failed to 
find any change in mice that received GFP or AMPKα1-CA; in contrast, cachectic mice 
bearing LLC plus GFP presented accentuated adipose tissue atrophy, characterized by 
small adipocytes, multilocular cytoplasm, big nuclei and increased UCP1 staining that 
was drastically reversed after the treatment with VMH-specific AMPKα1-CA (Fig.3H-
I). 
Given the fact that mRNA expression for thermogenesis markers is largely 
used in studies related to browning (Beiroa et al., 2014; Cao et al., 2011; Cao et al., 
2010; Fang et al., 2015; Kir et al., 2014; Lee MY, 2014; Owen et al., 2014; Petruzzelli 
et al., 2014; Qiu et al., 2014), we sought to investigate the mRNA expression in the 
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eWAT and scWAT. Our data show an increase of 300% of UCP1 expression and a 50% 
increase in the levels of PGC1α, Cidea and Prdm16 in scWAT of cachectic LLC mice. 
In striking contrast, there was a suppression of UCP1 expression in LLC mice plus 
AMPKα1-CA group (Fig.3J-K).  
 
Hypothalamic AMPKα1 induces WAT browning via beta-3 adrenergic pathway in rats 
Given that thermogenesis and WAT browning is controlled mainly by β3-
adrenergic receptors, gene that encodes the ADRB3 (Cao et al., 2011; Cypess et al., 
2015; Lopez et al., 2010; Petruzzelli et al., 2014), we aimed to investigate whether 
adrenergic receptors blockade impact the central effect of AMPKα1 on adipose tissue 
browning. Importantly, our results show that the effects of VMH-specific administration 
of dominant negative for AMPKα1 on body weight was reversed in a feeding-
independent manner when we used a selective pharmacological antagonist of the β3 
adrenergic receptor (β3-AR, SR59230A) (Fig.4A-C). Accordingly, the increase in 
epididymal and brown adipose tissue (Fig.3D) induced by SR59230A was linked with 
reduction of skin temperature surrounding BAT (Fig.4E) and rectal temperature 
(Fig.4F). Furthermore, UCP1 protein expression was attenuated with SR59230A in the 
scWAT (Fig.4G). Consistent with these findings, morphological analysis and UCP1 
staining revealed that treatment with pharmacological antagonist of β3-AR attenuated 
the adipose tissue atrophy and presented lower number of positive cells for UCP1 
staining (Fig.4H-I). 
In conclusion, we have demonstrated that VMH-specific AMPK modulates the 
switch from WAT to beige-like fat. Furthermore, WAT browning increases energy 
expenditure and heat production contributing to WAT atrophy and cancer cachexia. On 
the other hand, using genetic approaches with AMPKα1-constitutively active as well as 
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β3-adrenergic system antagonist (SR53290A) we showed that hypothalamic AMPK 
activation reverses body weight loss, WAT atrophy and cachexia via β3-adrenergic 
system (Graphical Abstract). Thus, our data suggest that targeting the hypothalamus can 
prevent WAT browning in cancer-mediated cachexia. These data open new horizons to 
prevent cancer-mediated cachexia via pharmacological strategies that target the central 
nervous system. 
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Figures 
 
Figure 1. Hypothalamic AMPKα1 inhibition leads to white to beige fat switch in 
control rats. (A) Cumulative food intake for GFP- and AMPKα1-DN-VMH-injected 
Sprague-Dawley rats during 7 consecutive days and fat mass from GFP or AMPKα1-
DN-VMH pre-injection baseline. (B) Cumulative food intake for GFP- and AMPKα2-
DN-VMH-injected Sprague-Dawley rats during 7 consecutive days and fat mass from 
GFP or AMPKα2-DN-VMH pre-injection baseline. (C) Cumulative food intake for 
GFP- and AMPKα1α2-DN-VMH-injected Sprague-Dawley rats during 7 consecutive 
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days and fat mass from GFP or AMPKα1α2-DN-VMH pre-injection baseline. (D) 
Infrared images of rats that were treated with adenoviral expression vectors. (E) Gross 
appearance of brown adipose tissue (BAT) with quantification of the skin overlying the 
interscapular BAT depots (F) Hematoxilin and Eosin of epididymal (eWAT) and 
subcutaneus adipose tissue (scWAT) (G) Representative immunoblot autoradiographic 
images of spliced bands loaded in the same gel with protein levels of UCP1 in the 
eWAT (H) Representative immunoblot autoradiographic images of spliced bands 
loaded in the same gel with protein levels of UCP1 in the scWAT (I) 
Immunohistochemistry with UCP1 in eWAT and scWAT. (J-L) mRNA expression 
profile in the eWAT and scWAT of Sprague-Dawley treated with GFP or adenoviral 
vectors. Error bars represent SEM; n = 6-16 animals per experimental group. * p < 0.05 
versus VMH-injected GFP initial/final or VMH-injected AMPKα1-DN and ** p < 
0.001 versus VMH-injected AMPKα1/α2-DN. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 84 
 
 
Figure 2. Cancer-induced cachexia is associated with reduced hypothalamic 
AMPK signaling and increased browning in WAT in mice. (A) Immunoblot of 
pAMPK Thr172 and pACC Ser79 in the individually dissected whole hypothalamus 
from Control mice or Cachectic LLC mice. (B) Immunoblot of pACC Ser 79 and 
AMPKα1 in the individually dissected VMH nucleus. (C) Cumulative food intake in 
Control and Cachectic LLC mice during two days onset of anorexia more three days 
with anorexia. (D) Final body weight of mice sacrificed 4 days after the onset of 
anorexia. (E) Representative macroscopic pictures of control and Cachectic LLC mice 
at autopsy (F) Immunoblot analysis of UCP1 expression in the BAT. (G) Macroscopic 
picture of the BAT (H-K) Oxygen consumption, carbon dioxide production, respiratory 
exchange ratio (RER), and locomotor activity measured in Control and Cachectic LLC 
mice (L) Hematoxilin and Eosin of the eWAT and scWAT (M) Immunofluorescence 
with UCP1 in eWAT (N) Immunofluorescence with UCP1 in scWAT. Error bars 
represent SEM; n = 6-8 animals per experimental group.* p < 0.05 versus Control mice. 
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Figure 3. Genetic hypothalamic AMPKα1 activation ameliorates the cancer-
mediated cachexia by impeding tht switch from white to brown adipose fat in mice. 
(A) Cumulative food intake in Control and Cachectic LLC mice after GFP or AMPKα1-
CA injection (B) Cumulative food intake adjusted by 100 g of body weight during  six 
consecutive days (C) Final body weight of mice sacrificed 4 days after the onset of 
anorexia (D) Difference of fat mass from GFP or AMPKα1-DN-VMH pre-injection 
baseline (E) Oxygen consumption in Control and Cachectic LLC mice treated with GFP 
or AMPKα1-CA (F) Hematoxilin and Eosin of brown adipose tissue (BAT) (G) Infrared 
images of mice that were treated with adenoviral expression vectors (H) Quantification 
of temperature in the interscapular BAT depots (I) Hematoxilin and Eosin of the eWAT 
and scWAT (J) UCP1 staining of the eWAT and scWAT (J-K) mRNA expression 
profile in the eWAT and scWAT, respectively of C57BL6/J treated with GFP or 
adenoviral vectors. Error bars represent SEM; n = 6-16 animals per experimental group. 
* p < 0.05 versus Control+GFP, # p < 0.05 versus Control+AMPKα1-CA and $ p < 
0.05 versus LLC+GFP. 
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Figure 4. Hypothalamic AMPKα1 induces browning via beta 3 adrenergic 
pathways in rat. (A) Daily food intake in Control Sprague-Dawley rats treated with 
GFP, AMPKα1-DN or AMPKα1-DN plus SR59230A, a beta 3 adrenergic antagonist 
during 7 consecutive days (B) Cumulative food intake (C) Body weight variation during 
the treatment with adenoviral vectors and pharmacological (D) Adipose pad weight – 
epididymal, subcutaneous WAT and BAT (E) Infrared images with quantification of the 
skin overlying the interscapular BAT depots (F) Quantification of rectal temperature 
(G) Representative immunoblot autoradiographic images of spliced bands loaded in the 
same gel with protein levels of UCP1 in the subcutaneous WAT (H) Hematoxilin and 
Eosin of the eWAT and scWAT (I) Immunohistochemistry with UCP1 in the eWAT 
and scWAT. Error bars represent SEM; n = 7-9 animals per experimental group. * p < 
0.05 versus Control rat+AMPKα1-DN, and ** p < 0.001 versus Control rat+GFP or 
Control+AMPKα1-DN. 
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Graphical abstract. VMH-specific AMPK signaling is crucial to switch from white 
adipose tissue to brown during the cancer cachexia. 
 
Supplementary files 
Table S1. Primers and probes for real-time PCR (TaqMan®) analysis. 
mRNA GeneBank 
Accession Number 
Sequence 
HPRT NM_012583 Rv Primer: 5’-GGTCATAACCTGGTTCATCATCAC-3' 
Probe: FAM-5’-CGACCCTCAGTCCCAGCGTCGTGAT 3’-TAMRA 
Fw Primer: 5'-AGCCGACCGGTTCTGTCAT-3' 
PGC1α NM_031347 Rv Primer: 5’-CGATGTGTGCGGTGTCTGTAGT-3’ 
Probe: FAM-5’-AGGTCCCCAGGCAGTAGATCCTCTTCAAGA-3’TAMRA 
Fw Primer: 5’-CGATCACCATATTCCAGGTCAAG-3’ 
UCP-1 NM_012682 Rv Primer: 5'-CAATGACCATGTACACCAAGGAA-3' 
Probe FAM-5’-ACCGGCAGCCTTTTTCAAAGGGTTTG-3'-TAMRA 
Fw Primer: 5'-GATCCGAGTCGCAGAAAAGAA-3' 
Prdm16 NM_001177995.1 Assay ID Applied Biosystems TaqMan® Gene Expression Assays Assay ID 
Mm01266512_m1 
ELOVL3 NM_001107602.1 Assay ID Applied Biosystems TaqMan® Gene Expression Assays Assay ID 
Rn01411024_m1 
Cidea NM_001170467.1 Assay ID Applied Biosystems TaqMan® Gene Expression Assays Assay ID 
Rn04181355_m1 
ADRB3 NM_013108.1 Assay ID Applied Biosystems TaqMan® Gene Expression Assays Assay ID 
Rn00565393_m1 
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Figure S1. Localization of injection route of adenoviral expression vectors in rats.  
(A-B) Localization studies showing the injection route for stereotaxic microinjections of 
adenoviral expression vectors into the VMH (A). Two injections (bilateral) were given 
in each VMH. The injection route enclosed with a syringe which is precisely placed in 
the VMH (10x, scale bar, 500 μm) (B). 
 
 
Figure S2. mRNA expression profile in epididymal WAT. (A-C) mRNA expression 
profile in the eWAT of Sprague-Dawley treated with GFP or AMPK-dominat negative. 
Error bars represent SEM; n = 7-9 animals per experimental group. * p < 0.05 versus 
VMH-injected GFP. 
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Figure S3. Cancer-induced cachexia is associated with attenuated hypothalamic 
AMPK signaling and activated browning in WAT in Wistar rats. (A) Immunoblot 
of pAMPK Thr172 and pACC Ser79 in the individually dissected whole hypothalamus 
(B) Representative macroscopic pictures of control and Cachectic Walker-256 rats at 
autopsy (C) HSL phosphorylation in Serine 660 in the epididymal WAT (D) Serum 
triacylglycerols concentrations in Control and Cachectic Walker-256 rats (E) 
Immunoblot analyses of UCP1 expression in the BAT and macroscopic picture of the 
BAT (F) Immunofluorescence with UCP1 in the brown adipose tissue (BAT) (G) 
Respiratory exchange ratio (RER) in Control and Cachectic Walker-256 rats (H-I) 
Hematoxilin and Eosin of the eWAT and scWAT (J-K) Immunofluorescence with 
UCP1 in eWAT and scWAT, respectively. Error bars represent SEM; n = 5-19 animals 
per experimental group. * p < 0.05 versus Control rat. 
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Figure S4. Tumor-induced WAT browning is mediated by soluble factor within the 
Cerebrospinal fluid (CSF) in cachectic Walker-256 rats. (A) Quantification of serum 
triacylglycerols levels (B) Immunofluorescence with UCP1 in the eWAT (C) 
Immunofluorescence with UCP1 in the scWAT. Error bars represent SEM; n = 6-8 
animals per experimental group. * p < 0.05 versus CSF from control rat group. 
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Figure S5. Localization of injection route of adenoviral expression vectors in mice. 
(A) Localization studies showing the injection route for stereotaxic microinjections of 
adenoviral expression vectors into the VMH which are two injections (bilateral) were 
given in each VMH. (B) Immunoblot analysis of GFP protein expression in the ARC 
and VMH nuclei in mice treated with saline or GFP into VMH. n = 2 animals per 
experimental group. 
 
 
Figure S6. Genetic hypothalamic AMPKα1 activation ameliorates the cancer-
mediated cachexia with attenuated adipose fat loss in mice.  
(A) Adipose pad weight – epididymal, subcutaneous and mesenteric WAT in Control 
and Cachectic LLC mice after GFP or AMPKα1-CA injection. Error bars represent 
SEM; n = 16-18 animals per experimental group. * p < 0.05 versus Control+GFP, # p < 
0.05 versus Control+AMPKα1-CA. 
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Abstract 
Cachexia is a common cancer sequela that profoundly impacts both patient quality of 
life and survival; however, relatively little is known about its pathophysiologic 
mechanisms. Here, we demonstrate that tumor-bearing animals express high levels of 
tumor necrosis factor (TNF) that specifically activates mTOR signaling in the arcuate 
(ARC) and ventromedial (VMH) nuclei of the hypothalamus.  This activation, in turn, 
drives cachexia’s physiologic stigmata of anorexia, wasting, and increased energy 
expenditure. Congruent with these findings, ARC-specific mTOR antagonism abrogates 
the anorexia and wasting phenotypes of cachexia, but unexpectedly does not influence 
energy expenditure. These observations comprise a novel mechanism by which TNF 
induces cachexia and strongly suggest a novel approach to treat this syndrome. 
Key words: mTOR, IKK, inflammation, hypothalamus, cancer, cachexia. 
 
Introduction 
With more than 14 million new diagnoses and 8 million deaths per year, cancer 
ranks as a leading worldwide cause of morbidity and mortality in both the developed 
and developing worlds alike [1]. Despite the daunting diversity of cancer’s clinical 
presentation and pathophysiology, cachexia, a syndrome defined by loss of both fat and 
muscle mass, increased energy expenditure, and anorexia, is an exceedingly common 
sequela, affecting ~50% of newly-diagnosed patients and close to 100% with end-stage 
disease [2]. Aside from its importance as a diagnostic sign, cachexia represents a major 
pathophysiologic driver of cancer’s morbidity and mortality with profound impacts on 
both quality of life and survival [3-6]. Despite its obvious importance, our mechanistic 
understanding of cachexia is incomplete. The cardinal signs of anorexia and wasting in 
the context of increased energy expenditure indicate a disruption of central energy 
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homeostasis regulation [7,8], and while studies have implicated the action of 
inflammatory cytokine such as TNF in this phenomenon [7,8], the mechanisms by 
which they influence central energy balance are unclear. 
Central energy balance is coordinated largely by the hypothalamus, a collection 
of brain nuclei that monitor and regulate peripheral metabolic processes to maintain 
energy homeostasis [9,10]. While the mechanisms by which this is accomplished are 
complex and incompletely understood, mammalian target of rapamycin (mTOR) has 
emerged as a central signaling nexus through which an impressive diversity of 
metabolic cues are integrated and transduced into coordinated metabolic responses [11-
13]. For example, manipulation of mTOR signaling in the hypothalamus has already 
been shown to regulate the response to overnutrition [14] and control food intake 
[12,15]. Interestingly, canonical signaling pathways induced by TNF and other 
inflammatory cytokines present at high levels in cachexia impinge upon and are 
influenced by mTOR signaling at multiple levels. For example, activation of IKK/NFκB 
by TNF or IL1 requires Akt, a component of the mTOR signaling pathway [16] 
[17,18]. Indeed, this paradigm extends further to malignant contexts; for example, 
rapamycin, a potent mTOR inhibitor, decreases IKK/NFκB activation in prostate cancer 
[19].  
Together, these data suggest that, in divergent contexts, mTOR is capable of 
both responding to inflammatory cues implicated in cachexia as well as regulating 
responses responsible for cachexia’s peripheral phenotype. In the present study, we 
unify these observations by demonstrating that mTOR indeed plays a central role in 
cachexia-associated hypothalamic dysregulation. We observe that TNF present in 
cancer-induced cachexia activates mTOR signaling in the hypothalamus and that this 
activation promotes the anorexia. Importantly, nucleus-specific mTOR inhibition 
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implicates the arcuate nucleus of the hypothalamus (ARC) in the anorectic phenotype of 
cachexia but not in increased energy expenditure. Together, this evidence demonstrates 
an important and novel role for hypothalamic mTOR signaling in the pathogenesis of 
cachexia and highlights a pharmacologically accessible target for cachexia-directed 
therapy. 
 
Materials and Methods 
Animals and Cells 
All animals were maintained in 12hr/12hr artificial light-dark cycles and fed ad 
libitum with standard rodent chow. All aspects of animal care were approved by the 
ethics committee approved by the UNICAMP (Project ID 2425-1) and USC Local 
Ethical Committee and the Ministry of Science and Innovation of Spain (Project ID 
15010/14/006) and followed the university guidelines for the use of animals in 
experimental studies, which conform to the Guide for the Care and Use of Laboratory 
Animals, published by the U.S. National Institutes of Health (NIH publication no. 85-23 
revised 1996). 
The Walker-256 tumor cell line was obtained from the Christ Hospital Line, 
National Cancer Institute Bank (Cambridge, UK). Walker-256 tumor cells were 
obtained from the ascitic fluid of the peritoneal cavity of Wistar or Sprague-Dawley 
rats, 5-8 days after intraperitoneal injection of 20 x 10
6
 cells. After cell harvesting, 
viability was determined by using 1% Trypan blue solution in a Neubauer chamber.  
 
Tumor Models 
For rat experiments, 2 x 10
6
 Walker-256 tumor cells were injected into the 
subcutis of the right flank of 8-12 week-old male Wistar rats. Anorexia was defined as a 
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decrease in food intake to less than 75% of baseline after a steady decline of at least 3 
days [20]. Animals were harvested for further analysis four days after the onset of 
anorexia.  
 
Stereotaxic Brain Cannulation and Cerebrospinal Fluid Collection 
Rats were placed in a stereotactic frame (David Kopf Instruments, Tujunga, 
CA) under ketamine/xylazine anesthesia. Rat ARC (anterior-posterior [AP] ±0.3 mm, 
medial-lateral [ML] ± 2.8 mm from Bregma and dorsal-ventral [DV] −10.3 mm from 
the brain surface), mouse third ventricle (anterior-posterior [AP] −1.50 mm and dorsal-
ventral [DV] −5.0 mm from the brain surface), and rat third ventricle (anterior-posterior 
[AP] −0.5 mm and dorsal-ventral [DV] −8.5 mm from the brain surface) were targeted 
using a 25-gauge needle (Hamilton, Reno, NV) connected to a 1 or 5μL syringe as 
previously described [21]. CSF from control and tumor-bearing rodents was obtained by 
the introduction of a needle into the cisterna magna through the skin and dura mater 
using a stereotaxic micromanipulator. 
 
Intracerebroventricular infusions and Arcuate Nucleus Microinjection of S6K 
Adenoviral Expression Vector 
Vehicle, TNF (10
-8
M; Calbiochem®) or L-leucine (1.1µg, Amresco®) was 
prepared in 2 µL and injected into the third ventricle of rats at 5:00 p.m. For CSF 
transfer experiments, 2µl of freshly harvested CSF was infused over 2 min into the third 
ventricle of control animals daily for three consecutive days. Adenoviral vectors 
(encoding green fluorescent protein [GFP] or S6K-dominant negative [DN]; 
SignaGen® Laboratories, Lot#: AD61694, Rockville, MD) were delivered at a rate of 
200 nL/min for 4 min (1 μL/injection site).  
 101 
 
Oxygen Consumption and Locomotor Activity Determination 
Oxygen consumption and CO2 production were measured in ad libitum fed 
animals through an open circuit calorimetery system (LE405 Gas Analyzer, Panlab – 
Harvard Apparatus, Holliston, MA, USA) as previously described [22]  
 
Nuclear Magnetic Resonance Imaging (MRI) Analysis 
Body composition was measured by nuclear magnetic resonance imaging 
(MRI) (Whole Body Composition Analyzer; EchoMRI, Houston, TX) [21,23,24]. 
 
Serum Cytokine Quantifications 
Serum and CSF TNF concentrations were measured using a rat enzyme-linked 
immunosorbent assay kit (Thermo Scientific, Rockford, IL).  
 
BAT Morphological Analysis 
BAT was removed, flushed with phosphate-buffered saline (PBS), fixed in 4% 
paraformaldehyde, and paraffin-embedded. Sections (5 µm) were cut and stained with 
hematoxylin and eosin. 
 
Skin Temperature Surrounding BAT Analysis 
Skin temperature was recorded with an infrared camera (E60bx: Compact-
Infrared-Thermal-Imaging-Camera; FLIR, West Malling, Kent, UK) and analyzed with 
a specific software package (FLIR-Tools-Software; FLIR). 6-8 rodents were used per 
group, and for each animal, three pictures were taken and analyzed as described 
previously [21,24-26]. 
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Real-time quantitative PCR 
Real-time PCR (Taq-Man; Applied Biosystems) was performed as previously 
described [21,23,25] using the primers and probes reported in Supplementary Table 1. 
Values were expressed relative to hypoxanthine guanine phosphoribosyl transferase 
(HPRT) levels. 
 
Dissection of the Hypothalamic Nuclei 
Wistar and Sprague-Dawley rats were sacrificed by decapitation, and 
hypothalamic nuclei were quickly dissected from 1 mm thick sagittal sections of fresh 
brain in a stainless steel matrix and frozen in liquid nitrogen. The frontal cortex and 
ARC were dissected from the first midline brain sections. 
 
Hypothalamic Tissue Lysates and Western Blot Analysis 
Specific hypothalamic nuclei or whole hypothalamic tissue were lysed in 
freshly prepared ice-cold buffer (1% Triton X-100, 100 mmol/l Tris, pH 7.4, 100 
mmol/l sodium pyrophosphate, 100 mmol/l sodium fluoride, 10 mmol/l EDTA, 10 
mmol/l sodium vanadate, 2 mmol/l phenyl methylsulphonyl fluoride, and 0.1 mg 
aprotinin). Western blotting was performed as described previously [21,24,27,28] using 
the following antibodies: anti-phospho-mTOR (Cell Signaling, #5536S), anti-mTOR 
(Cell Signaling, #2983S), anti-phospho-p70S6K (Cell Signaling, #9234S), anti-p70S6K 
(Cell Signaling, #2708S), anti-β-actin (Cell Signaling, #4857S), anti-α tubulin (Cell 
Signaling, #2144S), anti-phospho IKK (Santa Cruz Biotechnology, SC-23470-R), anti-
IKK (Santa Cruz Biotechnology, SC-34673), anti-NFκBp65 (Santa Cruz 
Biotechnology, SC-372), anti-UCP-3 (Santa Cruz Biotechonology, SC-31387), and 
anti-UCP-1 (Abcam, ab10983). Blots were exposed to preflashed Kodak XAR film. 
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Band intensities were quantified by optical densitometry (UN-SCAN-IT Gel Graph 
Digitizing Software, version 6.1). For each individual experiment, all directly compared 
samples were run in the same gel.  
 
Immunohistochemistry and Confocal Microscopy 
5µm sections of paraformaldehyde-fixed hypothalami (antero-posterior = - 
1.78 from bregma) of at least four rats per group were subjected to regular single- or 
double-immunofluorescence staining using DAPI, anti-TNFR and anti-phospho-
p70S6K antibodies as previously described [29]. Analysis and photodocumentation of 
results were performed using a LSM 510 laser confocal microscope (Zeiss, Jena, 
Germany).  
 
Statistical analysis 
All experiments were performed with a minimum of six animals in each 
experimental group. All graphical and numeric results are expressed as the means ± 
SEM of all sample replicates performed. Immunoblots shown are representative of at 
least three independent experiments. Statistical analysis was performed using the 
Student’s t test or ANOVA test with the Bonferroni post test. The threshold of 
significance was set at p < 0.05 and is indicated by asterisks. 
 
Results 
Tumor-bearing rodents develop cachexia 
To establish an experimentally tractable cachexia model, rodents were 
subcutaneously injected with syngeneic (Walker-256 rat model) tumor cells, and their 
food intake and body weight were subsequently monitored as previously described [20]. 
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As expected, rats bearing Walker-256 tumors demonstrated decreased cumulative food 
intake (Fig. 1a), lower body weight (Fig. 1b) and adipose pad weight (Fig. 1c) by 
approximately 10-12 days following tumor injection, compatible with anorexia and 
wasting, two cardinal symptoms of cachexia. Animals were sacrificed for further 
analysis 4 days after the onset of anorexia, which was defined as a decrease in food 
intake to less than 75% of baseline after a continuous decline of at least 3 days [20]. In 
addition to anorexia and wasting, the third cardinal feature of cachexia is 
inappropriately increased energy expenditure [30]; consistent with this, similar increase 
in oxygen consumption and carbon dioxide production (Fig. 1e) and change 
macroscopic in color brown adipose tissue (BAT) (Fig. 1H) which was accompanied by 
a respiratory exchange ratio (RER) reduction of ~30% (Fig. 1f), indicating a relative 
increase in lipid and amino acid oxidation relative to carbohydrate. This increase in 
energy expenditure was not due to increased physical exertion as locomotor activity was 
unchanged during the light period and decreased during the dark (Fig. 1g).  
 
Tumor-induced cachexia activates hypothalamic mTOR signaling 
Given that the above model recapitulates the classic features of cachexia 
including signs of hypothalamic dysregulation, we next asked whether hypothalamic 
mTOR signaling was altered in tumor-bearing animals. Indeed, western blot analysis of 
ARC lysates demonstrated markedly increased levels of TNF in the ARC of rats bearing 
Walker-256 tumors relative to tumor-free controls (Fig. 1I), as well as evidence of 
increased mTOR pathway activity including increased phosphorylated p70S6K (p-
p70S6K, threonine 389) and phosphorylated IKK (pIKK, serine 180/181) (Fig. 1J).  
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Tumor-induced anorexia is mediated by a soluble factor within the CSF 
Like the rest of the brain, the hypothalamus is partially exposed to circulating 
factors through the blood-brain barrier; however, the hypothalamus also interacts with a 
second, more specialized milieu, the cerebrospinal fluid (CSF) of the third cerebral 
ventricle. Indeed, the CSF is both an important medium of intracranial paracrine 
communication and an important route of exposure to systemically-produced cytokines 
[31]. If CSF is indeed a route by which cachexogenic stimuli are delivered to the 
hypothalamus, we hypothesized that CSF from cachectic animals would be able to 
influence cachexia-associated parameters in non-tumor-bearing animals for three 
reasons: 1) high CSF levels of inflammatory cytokines have been widely implicated in 
the pathophysiology of cachexia [32-34], 2) our own Walker-256 cancer model revealed 
that mTOR activation correlated with IKK activation (Fig. 1J), and 3) the IKK and 
mTOR signaling pathways are known to intersect [16,17,19,35]. Indeed, both the serum 
and CSF from anorectic rats demonstrated higher TNF levels than that of control rats 
(Fig. 2a, b). Moreover, intracerebroventricular infusion of CSF harvested from rats with 
tumor-induced cachexia into normal animals was sufficient to recapitulate the acute 
peripheral cachectic phenotype, including anorexia (Fig. 2c) without significant 
alteration in body weight (Fig. 2d).  
 
Hypothalamic mTOR/IKK pathway is activated by leucine and TNF in control rats 
The intracerebroventricular TNF administration experiments establish a crucial 
role for anorexia and correlate strongly with mTOR signaling; however, they do not 
directly implicate mTOR itself. To investigate mTOR’s role in this phenomenon, we co-
injected TNF or Leucine into the third cerebral ventricle in non-tumor-bearing rats. 
Consistent with mTOR’s participation in this process, direct activation of 
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mTOR/p70S6K by intracerebroventricular TNF administration increased IKK 
phosphorylation even in the absence of cytokine treatment (Fig. 2e) to levels similar to 
intracerebroventricular leucine injection (Fig. 2e), a well-known activator of mTOR 
signaling. Additionally, leucine- or TNF-treated animals also demonstrated increased 
protein expression of UCP1 (Fig. 2f) in BAT. While it is possible that these responses 
represent a non-cell autonomous, indirect effect of TNF treatment, immunofluorescence 
analyses demonstrate that many of the same ARC and VMH cells that express the TNF 
receptor (TNFR) also stain for p-p70S6K (Fig. 2g), which suggests that TNF acts 
directly on these cells to activate mTOR signaling. 
 
ARC-specific mTOR inhibition reverses tumor-associated anorexia but not EE 
Our data collectively suggest that hypothalamic mTOR activation is required for 
cachexia; however, our initial studies demonstrated that this activation is concentrated 
primarily in the ARC (Fig. 1j). To address mTOR’s cachexogenic role in this specific 
nucleus, we stereotactically injected adenoviral particles encoding either GFP or a 
dominant negative isoform of S6K (S6K-DN) directly into the ARC of tumor-bearing 
animals at the onset of anorexia. Thus, ARC-specific administration of S6K-DN 
adenovirus resulted in significant improvements in food intake (Fig. 3a,b) and weight 
loss (Fig. 3c), though total body weight improved only moderately (Fig. 3d). 
Importantly, tumor-associated loss of total adipose tissue mass, total lean mass, and 
skeletal muscle mass was almost entirely abrogated by S6K-DN adenovirus treatment 
relative to GFP adenovirus control (Fig. 3e-g). These effects were independent of BAT 
thermogenesis as measured by microscopic image of hematoxylin and eosin (Fig. 4a), 
BAT expression of thermogenic markers such UCP1 protein and Ucp1, Ppargc1a 
(which codes PGC1α), and Ppargc1b (which codes PGC1β) mRNA transcripts (Fig. 
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4b,c) and infrared imaging of the BAT area (Fig. 4d). No alteration in UCP3 protein 
expression in the muscle was either detected (Fig. 4e). Similar to previous experiments, 
this phenotype was accompanied by markedly decreased levels of p-mTOR, p-p70S6K, 
p-IKK and NFκBp65 in the ARC (Fig. 5a). Notably, ARC-specific S6K-DN 
adenovirus-treated rats also demonstrated a moderate decrease in final tumor weight 
relative to GFP adenovirus-treated controls (Fig. 5b), though the reasons for this change 
are unclear. 
 
Discussion 
Cachexia is a common and devastating syndrome that profoundly debilitates 
cancer patients and hastens their eventual demise. Despite its prevalence and disastrous 
consequences, no effective treatment exists, and its pathophysiologic mechanisms 
remain poorly understood. Recent evidence has proposed that impaired energy 
expenditure may be a cause of cachexia. White adipose tissue browning occurs in the 
first stages of the disease, leading to increased thermogenesis (and therefore energy 
expenditure) and weight loss [36]. However, even accepting altered energy homeostasis 
as a key process promoting cachexia, it remains unclear whether the wasting phenotype 
is a direct effect of cytokine signaling in the periphery or centrally mediated. In this 
study, we identify hypothalamic mTOR signaling as a critical link between cancer-
induced TNF and the peripheral cachectic phenotype. More specifically, we 
demonstrate that the cachexogenic capacity of TNF is dependent on hypothalamic 
mTOR signaling and that hypothalamic antagonism of this pathway using a dominant 
negative isoform of S6K significantly ameliorates the peripheral phenotype in rodent 
models of this disease state.  
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The mTOR pathway has long been appreciated as a signaling nexus through 
which much of the hypothalamus’s nutrient sensing and homeostatic regulation is 
effected [12,13,37,38]; however, it was not until recently that mTOR’s potential 
influence over inflammatory signaling pathways was also recognized [19,39], providing 
the rationale for linking inflammatory mediators to peripheral energy balance 
dysregulation investigated in the current study. While inflammatory signaling has been 
implicated in cachexia, many studies have attributed this to NFκB activation [19,39] 
[40]. In the current study, however, we fail to detect any appreciable alteration in NFκB 
levels despite significant phenotypic improvement, suggesting that, at least in this 
specific context, mTOR activation supersedes that of NFκB in the evolution of 
cachexia. 
In an interesting contrast to the cachexogenic context explored above, IKK 
activation in rodent models of obesity is associated with hypothalamic insulin and leptin 
resistance and a general susceptibility to obesity [29,41] rather than the weight loss 
associated with cachexia. Indeed, hypothalamic mTOR activation has also been reported 
in models of obesity, where it is linked with an aberrantly positive energy balance (as 
opposed to the negative energy balance observed in cachexia) [42]. While such 
comparisons are tempting, several key distinctions must be recognized between the 
physiologic contexts, including both the degree and composition of the inflammatory 
mediator profile [30] and the presence of paraneoplastic signaling mediators (e.g. 
parathyroid hormone-related polypeptide) [43] in cachexia. Indeed, investigation into 
the very differences between these two similar but contrasting physiologies may 
highlight new and previously unappreciated mechanisms in both contexts. 
A final distinction between the divergent physiologic contexts of obesity and 
cachexia is the anatomic location of mTOR activation. Historically, the analysis and 
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manipulation of individual hypothalamic nuclei—to say nothing of individual neural 
pathways—has proven technically daunting, and as a result, there is a relative dearth of 
this information in the literature. In the current study, however, we are able to provide 
an additional level of anatomic localization to the observed physiologic mechanisms by 
comparing our intracerebroventricular (global hypothalamus) and stereotactic (ARC-
specific) interventions (Fig. 2 vs. Fig. 3, respectively). In this, we were able to localize 
mTOR’s anorexogenic and wasting effects to the ARC (Fig. 1D, 3E) and demonstrate 
that the increased peripheral energy expenditure was regulated elsewhere (Fig. 4A-E). 
Indeed, previous work has implicated the mediobasal hypothalamus (which includes 
both the ARC and VMH) in the control of energy expenditure [14], which in the context 
of the data presented here, suggests that cachexia’s energy expenditure phenotype may 
be controlled by mTOR activity in the VMH. Congruent with such a model, recent 
studies have reported nucleus-specific effects for the energy sensor AMPK in the 
regulation of feeding and energy expenditure; specifically, decreased AMPK activity 
within the VMH leads to increases sympathetic tone in BAT, which ultimately 
increased thermogenic capacity [21,23,24,26]. Indeed, Braun et al. have even 
demonstrated that intra-arcuate IL-1, an inflammatory mediator similar to TNF, was 
sufficient to induce muscle wasting by activation of the hypothalamic-pituitary-adrenal 
axis [44].  
In summary, we have demonstrated a central role for hypothalamic mTOR 
signaling in the pathogenesis of cancer-related cachexia. Furthermore, our data 
anatomically localize anorexogenic pathways to the ARC, indirectly implicate the VMH 
in cachexia’s inappropriately increased energy expenditure, and suggest that wasting, 
the third cardinal symptom of cachexia, is most directly controlled by the ARC. While 
many questions remain, these data provide novel mechanistic and anatomic insights to 
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cachexia and identify the highly methodological approach accessible mTOR signaling 
pathway as a central determinant in cancer-related pathology. 
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Figures 
 
 
Figure 1. Hypothalamic mTOR signaling is activated in rats with tumor-induced 
cachexia. (a) Food intake for vehicle- and Walker 256 tumor cell-injected Wistar rats in 
the days surrounding the onset of anorexia. (b) Final body weight of rats sacrificed 4 
days after the onset of anorexia. (c) Adipose pad weight – BAT, retroperitoneal white 
adipose tissue (WAT), mesenteric WAT, subcutaneous WAT and epididimal WAT. (d) 
Gastrocnemius muscle weight. (e-g) Oxygen consumption, carbon dioxide production, 
respiratory exchange ratio (RER), and locomotor activity measured in anorectic rats. (h) 
Gross appearance of BAT from control and tumor-bearing rats. (i) TNF levels in the 
ARC nucleus. (j) Immunoblot of p70S6K and IKK phosphorylation in individually 
dissected hypothalamic nuclei. * p< 0.05 vs. control rats. 
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Figure 2. Tumor-induced anorexia is mediated by a soluble factor within the CSF. 
(a,b) TNF levels are elevated in the CSF and serum of cachetic rats. (c,d) 
Intracerebroventricular infusion of CSF from cachectic rats into tumor-free animals 
results in decreased food intake and body weight. (e) Immunoblot analyses of brown 
adipose tissue (BAT) lysates from rats treated with intracerebroventricular TNF, leucine 
or vehicle control. (f) Immunoblot analyses of whole hypothalamus lysates from rats 
treated with intracerebroventricular TNF, leucine or vehicle control. (g) Confocal 
immunofluorescence microscopy images of the third ventricle (3V), VMH, and ARC 
from control (left panel) animals. Sections were stained with DAPI (blue), anti-p-
p70S6K (green) and anti-TNFR (red, top row). * p< 0.05 vs. control rats or CSF from 
control rats. 
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Figure 3. Arcuate nucleus-specific inhibition of mTOR signaling ameliorates 
tumor-induced anorexia and wasting. Adenoviral vectors encoding GFP or S6K-DN 
were stereotaxically injected directly into the arcuate nucleus of control and Walker 256 
tumor cell-injected animals at the onset of tumor-induced anorexia. (a,b) Daily and four 
days cumulative food intake after the second day of adenovirus injection. (c,d) 
Cumulative and final change body weight. (e) Gastrocnemius muscle weight. (f,g) Fat 
and lean mass from pre-injection baseline. * p< 0.05 vs. control+GFP rats. # p<0.05 vs. 
Walker-256+GFP. 
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Figure 4. Arcuate nucleus-specific inhibition of mTOR signaling does not alter 
energy expenditure. Adenoviral vectors encoding GFP or S6K-DN were 
stereotaxically injected directly into the arcuate nucleus of control and Walker-256 
tumor cell-injected animals at the onset of tumor-induced anorexia. (a) Gross and 
histologic appearance of brown adipose tissue (BAT). (b,c) Immunoblot and mRNA 
expression analyses of BAT lysates. (d) Infrared images with quantification of the skin 
overlying the interscapular BAT depots. (e) Immunoblot analyses of skeletal muscle 
lysates. 
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Figure 5. Arcuate nucleus-specific inhibition of mTOR signaling attenuates IKK 
pathways. Adenoviral constructs encoding GFP or S6K-DN were stereotactically 
injected directly into the arcuate nucleus of control and Walker-256 tumor cell-injected 
animals at the onset of tumor-induced anorexia. (a) Immunoblot analyses of dissected 
arcuate nuclei. (b) Final tumor weight. (c) Graphical abstract: ARC-specific TNF is 
associated increased mTOR/S6K/IKK signaling during the anorexia-cachexia 
syndrome.* p< 0.05 vs. Walker-256+GFP rats. 
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